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ABSTRACT

This report presents results from the Limestone Injection Multistage Burner [LIMB)
Demonstration Project Extension. LIMB is a furnace sorbent injection technology designed for the
reduction of sulfur dioxide {SO,} and nitrogen oxides {NO,) emissions from coal-fired utility boilers.
The testing was conducted on the 105 MWoe, coal-fired, Unit 4 boiler at Ohio Edison’s Edgewater
Station in Lorain, Ohio. In addition to the LIMB Extension activities, the overall project included
demonstration of the Coolside process for SO, removal for which a separate report has been
issued.

The primary purpose of the DOE LIMB Extension testing, which began in April 1990, was to
demonstrate the generic applicability of LIMB technology. The program sought to characterize the
SO, emissions that result when various calcium-based sorbents are injected into the furnace, while
burning coals having sulfur content ranging from 1.6 to 3.8 weight percent. The four sorbents
used inciuded calcitic limestone, dolomitic hydrated iime, calcitic hydrated lime, and calcitic

hydrated lime with a small amount of added calcium lignosulfonate.

The original EPA project focused on tests with calcitic hydrated lime while burning a
3.0 weight percent sulfur Ohio coal, although tests with the lignosulfonate-doped material were
added after pilot studies appeared to show enhanced reactivity. The resuits indicated SO, removal
efficiencies of greater than 70 percent are possible while operating at a close approach to the
adiabatic saturation tamperature of the flue gas. Efficiencies on the order of 60 percent were
found in tests without ¢lose approach operation.

The results presented in this report include those obtained for the various coal/sorbent
combinations. They further characterize the SO, removal to be expected with and without
humidification to close approach to saturation over a range of calcium/sulfur stoichiometries. The
effects of injection at different elevations in the furnace are explored, and in the case of limestone
as the sorbent, the influence of particle size distribution is quantified.

This report also addresses the affects of the LIMB process on boiler and plant operations.
The increased particulate loading in the boiler and downstream equipment has the greatest impact
on operations. Without effective sootblowing, heat transfer rapidly degrades when the lime
sorbents are used. Particulate removal equipment must be capable of handling the increased



loading. Moreover, the quicklime component of the ash requires that precautionary measures be
taken to avoid and/or minimize potential difficuities from steaming and high pH conditions in service

water when handling and transporting the ash.

B&W DRB-XCL™ low-NO, burners were used throughout the project as these had been
installed as part of the original EPA LIMB demonstration. The report discusses the rasultant NOQ,
emission control in light of such operational parameters as load, excess air, and pulverizers/burners
in service. These variables were monitored more carefully during the current demonstration in an
attempt to explain some of the more subtte variations in NO, emissions first seen in the earlier

praject.
Lastly, the possible applications of the technology in the utility industry are discussed in

terms of equipment and process economics. Comparisons are made to both wet flue gas

desulfurization systems and to the Coolside process.
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SECTION 1
EXECUTIVE SUMMARY

INTRODUCTION

Limestone Injection Muitistage Burner (LIMB) technology combines furnace sorbent injection
for the reduction of sulfur dioxide (SO,) with the use of burners designed to minimize the formation
of nitrogen oxides {(NO,). In 1987, Babcock & Wilcox (B&W) and the Ohio Edison Company agreed
to extend the full-scale demonstration of LIMB technology under the sponsorship of the
U. 8. Department of Energy (DOE), through its Clean Coal Technology Program, and the State of
Ohio Coal Development QOffice (OCD(Q). The original LIMB demonstration had begun in 1984 under
the sponsorship of the U. S. Environmental Protection Agency (EPA) and OCDO.' The DOE project
also provided for demonstration of the Coolside flue gas desulfurization (FGD) process, a duct
sorbent injection technology, between July 1989 and February 1990. A separate report discusses
the results of that effort.? The DOE LIMB Extension test program was conducted between
April 1990 and August 1991. Al demonstration tests, LIMB and Coolside, were carried out on the
105 MWe, coal-fired Unit 4 boiler at Ohio Edison’s Edgewater Station in Lorain, Qhio.

OBJECTIVES

The primary purpose of the LIMB Extension was to demonstrate the genaric applicability of
LiMB technology. The program sought to characterize the SO, emissions that resuit when various
calcium-based sorbents are injected into the furnace, while burning coals with a range of sulfur
content from 1.6 to 3.8 percent. The effacts of certain process variables on 80, removal
afficiency were demonstrated. These included inlet calcium/sulfur stoichiometry (Ca/S) for each
sorbent used, inlet SO, concentration resulting from coals of different sulfur content, the degree of

humidification, injection at various elevations (temperatures), and particle size distribution for the



limestone sorbent. The impact of sorbent injection on particulate emissions is also examined in

terms of the opacity, while NO, emissions are characterized as a resutt of continued use of the
DRB-XCL™ burners. Operability and reliability of the LIMB system are described in light of the

variations made, leading to an overall economic comparison of LIMB, Coolside, and wet limestone
forced oxidation {LSFO} FGD technology.

TEST CONDITIONS

The LIMB Extension test program was designed to determine the SO, removal efficiency for
four sorbents: calcitic limestone {(CaCQ,), type-"N" atmospherically hydrated dolomitic lime
[Ca(OH), - MgOl, and calcitic hydrated lime [Ca(OH),], both alone and with added caicium
lignosulfonate {hereafter referred to as ligno lime). These tests were conducted over a range of
Ca/S molar ratios and humidification conditions, while burning Ohio coals with nominal sulfur
contents of 1.6, 3.0, and 3.8 waeight percent. Close approach testing, as it is used in this report,
is defined as a 20°F° approach to the adiabatic saturation temperature of the flue gas, measured at
the humidifier outiet. For the coals used, the saturation temperature was approximately 125°F.
Minimal humidification of the flue gas, or testing without close approach, is defined as operation at
a humidifier outlet temperature sufficient to maintain electrostatic precipitator (ESP) performance,
typically 250 to 275°F. The coal/sorbent combinations of 3.0 percent sulfur with calcitic hydrated
lime and ligno lime, tested during the EPA-sponsored program, were not repeated here. However,
the 3.0 percent sulfur coallligno lime combination was used to verify equivalent system operation
following conversion of equipment back to a furnace injection configuration after the Coolside duct
injection tests waere complete. The ability to maintain compliance with the plant’'s emission limits
was demonstrated during continuous operation of the LIMB system while burning the higher sulfur
coals. Tast runs conducted under rigorous steady-state conditions were usually two to six hours in

duration.

Tests were performed with two more finely ground calcitic limestones. This occurred
because the more coarse material originally used resulted in an unexpectedly low SO, removal
efficiency {discussed in more detail later in this section). Plans for tests with the 3.8 percent sulfur
coat and limestone were canceled when even the finest limestone failed to show removal

" For those more familiar with metric units, see the conversion table in Appendix A,

2



efficiencies that would maintain compliance with the plant's 30-day rolling average emission limit

of 3.4 1b SO,/10° Btu during tests over a range of stoichiometries.

The same analytical methodology used during the EPA-sponsored program, inciuding both
manual sampling and the use of a continuous emission monitoring system (CEMS), was continued
throughout the DOE project. The CEMS provided continuous measurements of SO,, NO,, O,, CO,
and CC, concentrations in the flue gas just before the stack. (The 2300°F temperature at the
point of injection precluded the use of any continuous monitors in the furnace.) Radian Corporation
personnel maintained the CEMS and performed, or arranged, for all sample analyses, except for
those performed by Ohio Edison on truck and bunker coal samples. The latter analyses of truck
and bunker samples were monitored on a daily basis to assure use of the desired coal during any
test period. Calcitic lime sampies were analyzed on-site for available lime [as Ca(OH),].
Commercial Testing and Engineering Company {CTECo} analyzed limestone for total calcium and

dolomitic lime for both calcium and magnesium by atomic absorption spectrophotometry.

An on-site Leco sulfur analyzer was used during tests as a more immediate measure of coal
sulfur. Pulverized coal samples for this analysis were automatically sampled from the burner pipes,
usually on an hourly basis during the more rigorous test periods. This was done to verify the
stability of the "inlet®” SO, condition. Ultimate analyses of composite pulverized coal samples were
performed by CTECo on a five work day/week basis. Again, this was the same procedure used
during the original EPA LIMB Demonstration.

SO, EMISSIONS

The primary independent variables in the study were sorbent type and sulfur content of the
coal burned. The different sorbents were tested, when possible, while burning each of the three
different coals. Other test variables were Ca/S stoichiometry, humidifier outlet temperature, and
injection level. The previous EFPA LIMB testing had demonstrated that SO, removal efficiencies of
55 to 60 percent were obtainable while injecting commercial calcitic hydrated lime at an inlet Ca/S
molar ratio of 2.0 with minimal humidification. This testing had alsoc shown that removal

efficiencies of approximately 65 percent were possible whila injacting ligna lime.

For each coal/sorbent combination, S0, removal efficiency is primarily dependent upon

stoichiometry. During the LIMB Extension tests, the Ca/S ratio was generally varied from 0.8 to

3



2.2. A curve-fitting algorithm using a standard least-squares approach was used to compare the
stoichiometry/removal efficiency data. The comparative figures presentaed show the first order fit
of the data for the range of stoichiometries tested, with the fit forced through zero percent SO,
removal for the no injection case. A second order fit with a diminishing increase in removal for
higher stoichiometries would be expectad from theoratical considerations, howaver, its use
produced erroneously shaped curves in those cases where a relatively small number of individual
tests were performed. The first and second order fits were compared for some cases where there
were sufficient data points. Since the removal efficiencies at a Ca/S of 2.0 differed by only a few
percentage points, the first order fits wera considered to form a better overall reprasentation of the

comparisons discussed.

Effect of Coal Sulfur Content

The sulfur content of the coal, as reflected in the SO, concentration of the flue gas,
appeared to have a small, but perceptibie, effect on the SO, removal efficiency. [t was found that
the higher the sulfur content, the greater the SO, removal for a given sorbent at a comparable
stoichiometry. This is thought to be due to the greater driving force the increased SO,
concentration has on the reaction. A five to seven percent absolute difference in SO, removal
axists between 1.6 and 3.8 percent sulfur coal for any one sorbent at a stoichiometry of 2.0.
While it might be argued that this difference is within the error limits of the calculations, the fact
that it was consistently seen for all of the sorbents tested suggests that the effect is indeed real.
The removal efficiencies while burning the 3.0 percent sulfur coal fell approximately midway
between the other two.

Effect of Sorbent Tvpe

During the LIMB Extension, ligno lime and calcitic hydrated lime exhibited the highest
removal efficiencies of the sorbents tasted at any given stoichiometry. SO, reductions on the order
of 60 percent were obtained at a Ca/S ratio of 2.0 with minimal humidification. Dolomitic hydrated
lime effected about 50 percent removal at the same conditions. Removals ranged from about 20 to

40 percent for calcitic limastone depending on the choice of grind (particle size distribution).

The SO, removal efficiencies achieved with the ligno lime while burning the nominat 3.8
and 1.6 percant sulfur coals during the LIMB Extension tests were somewhat less than those
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obtained during the EPA-sponsored project. This had not been anticipated. Whaen testing resumed
after the Coolside demonstration in April 1990, ligno lime was injected to determine if removal
efficiencies were the same as had been attained earlier. The coal being burned at the time had a
nominal 3.0 percent sulfur content, the same as had been used during the EPA tests. SO, removal
efficiencies of 60 to 65 percent were comparable to the tests run prior to Coolside at a
stoichiometry of 2.0. Therefore, testing with the other sorbents began. When ligne lime was
again tested in February 1991, this time while burning the 3.8 and 1.6 percent sulfur coals, the
removal afficiencies were closer to 60 and 55 percent, respectively. It had been expected that
slightly higher removals would be obtained when burning the 3.8 percent sulfur coal, as had been
observed with the other sorbents. No specific reason(s) for the difference could be found in either
the particle size distributions or analytical data on the sorbents, though the differences are
suspected to be due to subtle changes in porosity and/or surface area. These may be related in
turn to a variation in the calcium lignosulfonate used to prepare the material. Another possible
explanation is a higher degree of aggiomeration, resulting from the use of a Fulier-Kinyon pump in
place of the rotary valve during the February 1991 tests, is responsibie for the lower removal.
None of these explanations, howaver, could be confirmed within the time and financial constraints
of the project.

ff f Lim ne Particl

Initial tests were run using a commercial limestone with a particle size distribution of 80
percent less than 44 um {325 mesh). This limestone was chosen because it was representative of
readily available material from commarcial suppliers. While injecting this sorbent, removal
efficiencies of about 22 percent were obtained at a stoichiometry of 2.0, while burning nominal 1.6
percent sulfur coal. SO, reductions of 30 to 35 percent had been expected with the limestone on
the basis of pilot tests,>* however, and possible reasons for this high a discrepancy were reviewed.

After analytical errors were eliminated, the only variable that could easily be changed was the
fineness of the sorbent. Using a grade of limestone in which all particles were less than 44um in
size, a removal efficiency of approximately 32 percent was achieved at a stoichiometry of 2.0. In
order to determine what the upper limit in removal efficiency might be for calcitic limestone, an
even finer limestone was than tested. This material was one for which the particle size distribution
showed virtually all particies to be less than 10 gm. It produced removal efficiencies on the order
of 37 to 40 percent at the 2.0 Ca/S condition.



All the limestones were aobtained in truckload quantities. The very fine {100 percent less
than 10ym) material may not be considered a viable alternative for this application bacause its cost
on a truckload basis is on the order of four times that of either of the other two. It is noted that ali
the lime sorbents are as fine or finer than this very fine grind of limestone. The higher S0, removal
efficiencies of lime and the finer grinds of limestone are attributed, in part, to the greater surface

area available for the SO, absorption reaction associated with the smaller particle size.
ff Injgction Level

During the design phase of the EPA project, the optimum location for injection was
identified as being on the front wall of the Edgewater furnace at elevation 181 ft where the
average temperature was expected to be approximately 2300°F. This elevation corresponds to a
fevel in this furnace just opposite the nose. Tests during the EPA LIMB Demonstration confirmed
that injection at this level yielded higher SO, removal for the caicitic hydrated limes than injection
at elevation 187 ft (injection at elevation 191 ft was not tested during the EPA project after a
lower efficiency was obtained at elevation 187 ft). The tests run during the LIMB Extension
produced similar results. The removals at the 181 and 187 ft levels were higher than those at the
191 ft elevation. Removal efficiencies while injecting at a stoichiometry of two at these levels
were about five percent absolute higher than those at the 191 ft level.

The distinction between the 181 and 187 ft elevations was not as clear cut as it had been
during the EPA-sponsored tests, when fewer individual tests were run. The more extensive testing
conducted during the LIMB Extension suggests that more significant differences appear when
material is injected at elevation 191 ft. At this level the temperature is thought to be a 200 ta
300°F cooler and the flue gas flow patterns are less than favorable for adequate dispersion of the
sorbent.

ft f Humidificati

Operation of the humidifier down to a 20°F approach to saturation permitted
characterization of the additional SO, removal obtainable under most of the conditions.
Humidification to close approach enhances SO, removal efficiencies by approximately 10 percent
absolute over the range of stoichiometries tested. This was true _for each of the sorbents tested.



NO, EMISSIONS

The DRB-XCL™ burners, installed as part of the initial LIMB demonstration, continued to
operate and be evaluated during the LIMB Extension project. The overall average NO, emissions
during the demonstration was 0.43 [b/10° Btu. Emissions of 0.44 1b/10° Btu were calculated both
for the 24 hr and 30 day rolling average values for the demonstration period. The emission rate did
not appear to be sensitive to load conditions, although there appeared to be some variation within
the scatter that might be controllable. In order to identify the source of the variation, attempts
were made to correlate NO, emissions with load, flue gas O, concentration, pulvarizers/burners in
sarvice, CO emissions, and coal fineness. Unfortunately, no consistent corraelation was found
between NO, and any of these variables. Likewise, use of the SO, sorbents did not appear to have
any effect on NO, emissions.

PARTICULATE EMISSIONS

Humidification of the flue gas continued to be effective in maintaining the particulate
emission control performance of the ESP during the DOE LIMB Extension. Opacity was generally in
the two to five percent range during injaction of each of the sorbents {compared to the plant
opacity limit of 20 percent). This was similar to what had been observed during the EPA project.
Only two differences were noted, the first being that the calcitic fimestone did not seem to require
as much humidification, either because its larger particle size made particulate collection easier
and/or the fact that the cooler air heater outlet flue gas temperature required relatively [little
humidification water to maintain the temperature of the gas entering the ESP. The second
difference occurred during use of the dolomitic lime which seemed to require a somawhat lower
humidifier outlet temperature setpoint (250°F vs. 275°F) to maintain the desired opacity.
Simultaneous measurements of inlet and outlet particulate loadings required to characterize
particulate collection efficiencies for each of the sorbents were not conducted since there were no
opportunities for the two weeks of steady-state operation at conditions that would have been

necessary to rigorously evaluate ESP performance.
OPERABILITY AND RELIABILITY

Operations during the LIMB Extension continued much the same as during the EPA LIMB



Demonstration.' There were, however, a few operational aspects that became apparent due to the
use of previously untested sorbents and/or more extensive tests. Probably the most notable of
these was the limitation of the sootblowing system at the Edgewater facility. Prior to the LIMB
Extension tests the sootblowers were converted from compressed air to steam. Actual steam
consumption varied depending upon the degree of sootblowing required for each sorbent type, feed
rate, and the extent to which heat transfer was decreased. The effect of sorbent type and feed
rate on heat transfer could not be readily quantified since operator preferences also imposed some

variation.

The air-to-steam sootblower conversion was undertaken in an effort to maintain a more
normal air heater outlet temperature of about 300°F, rather than the 350°F temperatures seen
during the EPA testing. After the conversion, the sootblowers could be cycled five to six times a
shift, where it previously had been once or twice per shift. While the increased capacity helped
somewhat at lower injection rates, the higher stoichiometric conditions still produced high outlet
temperatures (up to a high of 375°F for the dolomitic lime/3.8 percent sulfur coal combination at a
Ca/S ratio of 2.0, a condition representing the highest sorbent mass feed ratel. This suggests that
the limitation was due not so0 much to the capacity of the sootblower system, but rather the
number and location of the sootblowers themselves. Since the temperatures appear to rise most
dramatically in the vicinity of the primary superheater and economizer, additional sootblowers
appear advisable in those areas.

Injection of the coarse (BO percent less than 44 umj} limestone sorbent into the fumace left
the air heater outiet temperature almost unchanged at approximately 300°F. This was unexpected
in that more severe fouling had been anticipated. The phenomenon appears to be related to
particle size, but no specific explanation has been identified at this point in time. The finer
limestones tended to produce higher air heater outlet temperatures, though the data is limited since
lesser total quantities of these materials were injected.

The impact of LIMB on ESP performance results from a change in particle size distribution,
an increase in the resistivity of the ash due to the change in composition, and an increase in
loading. Tests that would conclusively define the relative importance of each were bayond the
scope of the project. Nevertheless, the observations made in the preceding section indicate the
nature of the effects on the ESP.



Another operational change noted during the LIMB Extension was in the area of waste
handling and disposal. Here the effects of using either dolomitic lime or calcitic jimestone were
somewhat different than what had been found with the calcitic limes. The dilution of the ash by
the unreactive MgO component of the dolomitic sorbent leads to increased ash loading and solids
handling at the back end of the process. Since the MgO component does not hydrate appreciably
at atmospheric pressure, this LIMB ash exhibited a lower level of steaming when water was addad
to the ash. The use of limestone, on the other hand, tended to produce greater quantities of steam
during wetting of the ash in the unloading facility. This was due to the lowaer utilization of the
sorbent for an equivalent injection stoichiometry.

As part of the overall assessmaent of the technology, records of operating time and
downtime were kept in order to provide further indications of process and equipment availability.
The data indicate that the system was available about 85 percent of the time it was called upon to
operate. This is nacessarily only a best approximation of what might be expected of a fully
commercial system, since LIMB system operation during the project focused on obtaining
performance data over a wide variety of conditions. Changes from one set of operational
parameters to another invoived frequent shutdowns to reestablish baseline conditions. Moreover,
there were some periods when operation was intentionally delayed in order to control project cost
by conserving sorbent when it was not required to maintain emission compliance. As might be

expected, this occurred primarily when the 1.6 percent sulfur coal was being burned.

SUMMARY OF ECONOMIC COMPARISONS

The comparative economics of the LIMB, Coolside, and LSFO FGD processes were
developed for several different scenarios. LIMB economics were determined without including low
NO, burner costs in order that the comparison relate only to tha FGD portion of the technology.
Costs are predicated on several other considerations of the differances among the processes and
their intended applications that are essential to understanding the extent to which comparisons are
valid. Primary among these is that the LIMB and Coolside processes were intended to provide
moderate levels of removal at low capital cost. Moreover, it was anticipated that it was
particularly well-suited for the relatively small, older plants in which wet scrubbers would be
particularly difficult to justify. LSFQO FGD, on the other hand, is a mature technology that
historically has been applied to achieve in excess of 90 percent SO, reduction. Passage of the
Clean Air Act Amendments (CAAA) in 1990 appears to be driving performance goals to the state-
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of-the-art LSFO technclogy used in this evaluation. While the effective cost of such technology
decreased in the maturation process over the past twenty years, its higher capital cost and lowar
reagent usage rate are more easily justified for newer, larger plants burning higher sulfur coals.
Ovaerriding all of these, site-specific considerations can influence the economics of all three
processes dramatically, as is commonly recognized in the industry.

For the reasons just stated, comparisons with LSFO FGD are quite difficult. Several options
were considered in order to try to overcome the inherent differences. These included operation of
an LSFO system at less than optimum canditions to achieve performance at the lower lgvels of the
other two technologies. A second alternative was to examine bypass of a portion of the flue gas
such that the overall removals would coincide, with the LSFO process still operating at 95 percent
removal efficiency. Arguments against making such assumptions were thought to be at least as
valid as presenting each technology in its own realm of applicability. 'When viewed in the light of
the caveats in the preceding paragraph, the limitations of comparison with the LSFQ process are
readily apparent.

The differences between LIMB and Coolside are less pronounced, providing a greater
significance to their comparative economics. Nevertheless, site-specific considerations become
especially important. Whereas humidification to a close approach to the flue gas saturation
temperature is absolutely needed for Coolside, LIMB can require little t0 none depending on the
nature and quantity of sorbent injected, though SO, removal can be enhanced by operation under
close approach conditions. The site-specific concern arises out of the larger amount of space
required to permit essentially complete evaporation to achieve close approach operation. The other
fundamental difference between these two technologies, sorbent injection in the furnace for LIMB,
and in a downstream location for Coolside, becomeas a matter of preference for the individual
operating utility. © * |- - < SR L U UV R DN \"

For the economic comparisan, the approach used was one commonly used in the industry.
Capital costs are prasented in the conventionai units of $/kW, and operating and annual levelized
costs in mill’kWh and/or $/ton of SO, removed. The processes were compared for three different
coal sulfur concentrations and four diffarent reference plant sizes. The process designs were based
on optimized commercial retrofit installations. Under what are thought to be reasonably equivalent
and representative sets of operating conditions, the SO, removal efficiencies of the LIMB, Cooclside,
and LSFO processes were set at 80, 70, and 95 percent, respectively. Although LIMB was also
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shown to be capable of 70 percent SO, removal with humidification to close approach, the costs
for such a mode of operation are considered to be essentially the same as those required for
Coolside. For this reason, costs were developed for a slightly lower performance LIMB system

operating with minimal humidification in an existing duct.

Total installed capital costs and levelized annual operating costs were developed for sach of
 the process\coal\plant size combinations. The results were analyzed and compared to determine
the economic applicability of each process. On a $/kW basis, the installed capital cost of the LSFQ
process was found to be about 2.5 times higher than that of the Coolside process, and about 4.8
times higher than the LIMB process. The installed capital cost of the Coolside process was found
to be about 1.9 times higher than the LIMB process.

On a $/ton of SO, removed basis, the annual levelized costs showed that Coolside was
economically favored over LSFO for plant sizes up to 500 MWae {net), while burning 1.5 weight
percent sulfur coal, up to 220 MWe while burning 2.5 weight percent sulfur coal, and up to
100 MWae while burning 3.5 weight percent sulfur coal.

LIMB was econcmically favored over LSFO for all plant sizes while burning 1.5 waeight
percent sulfur coal, up to 450 MWe while burning 2.5 weight percent sulfur coal, and up to
240 MWe while burning 3.5 weight percent sulfur coal.

LIMB was economically favored over Coolside for all the cases compared. Adding the
capability to operate a LIMB system at close approach to the saturation temperature to enhance

SO, removal would tend to reduce this advantage, however.

Cost sensitivity analyses were also undertaken to determine the effects of certain economic
variables on costs. It was determined that decreasing the plant capacity factor favored the LIMB
and Coolside procésses. as did decreasing the book life of the plant. Varying the reagent costs had
a greater effect on LIMB and Coolside economics, while having only a moderate effect on the LSFO

process economics.
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SECTION 2
INTRODUCTION

Within the past decade increasing emphasis has been placed on the control of polflutant
emissions from a variety of sources in the United States. Prominent among these are SO, and NO,,
gases that can result from the combustion of fossil fuels and are commonly considered to be
among the major sources of acid rain. The automotive and power industries are therefore
intimately involved in the process of technology development to mitigate potential damage. The
largest man-made, stationary sources of both gases are coal-fired utility boilers which account for
about 65% of the SO, and 29% of the NO, emissions in the United States.®

The CAAA of 1990 now constitute the primary regulatory directive that delineates control
requirements for SO, and NO, emissions from utilities. This fegisiation provides for phased
compliance and gives utilities the ability to choose the technology needed to meet emission limits.
Since they were passed in November 1990, the utility industry has chosen fuel switching and wet
flue gas desulfurization systems (FGD scrubbers) as the primary means of meeting the CAAA’s
Phase | requirements on larger units. Those requirements place a 2.5 1b/10°® Btu cap on SO,
emissions, with a target date of January 1, 1995, After that, other technologies are expected to
be regarded as viable, given a wide variety of site-specific considerations. Limastone Injection
Multistage Burner {LIMB) is one such technology. The process involves the injection of a calcium-
based sorbent into the furnace for SO, capture. This is coupled with the use of low NO, bumaers,
to reduce emissions of nitrogen oxides.

BACKGROUND

It was in anticipation of the CAAA legislation that the EPA promoted a series of bench- and
pilot-scale research projects during the early 1980s. These studies ware directed toward
development of relatively low cost, moderate efficiency, SO, and NO, emission control
technologies. They were aimed at older, smaller, fossil-fired utility boilers which would not be
candidates for wet FGD. At about the same time, the Ohio Edison Company undertook a program
to participate in emerging technology development, They did this to be in a better position to
evaluate the technical, operational, and economic aspects of such technologies. By 1984, the twao
programs led to the full-scale demonstration of the LIMB process. EPA sponscred the project with
co-funding by OCDO and B&W, the prime contractor.
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Concurrently with the early LIMB tests, the U.S. Department of Energy (DOE) initiated the
Clean Coal Technology (CCT) Program. The program is a jointly funded, government-industry effort
that takes the most promising advanced coai-based technologies and, over the next decade, moves
them into the commercial marketplace through demonstration. The goal of the program is to make
available to the U.S. energy marketplace, particularly the industrial and utility sectors, a number of
advanced and environmentally responsive coal technologies. The program seeks to demonstrate
the commercial feasibility of technologies that have already reached the proof-of-caoncept stage.

The program is presently being implemented through a series of five compaetitive
solicitations. When the program is completed, technical, environmental, economic, and operational
data will be available for a broad range of clean coal technology options. This data is expected to
reduce the uncertainties of subsequent commercial scale applications.

Government and industry signed the first Clean Coal cooperative agreements {not
contracts) during 1987. The industrial partner in each project contributes a minimum of 50 percent
of the total cost. The B&W LIMB Clean Coal project was among those selected by the DOE under
the first solicitation and was administered out of DOE's Pittsburgh Energy Technology Center
{PETC). Numerous other public and private organizations, including state and utility/industry
research groups, provide important co-funding and project support. OCDO and CONSOL Inc.
{formerly Consolidation Coal Company) fitled that role for the LIMB project. Ohio Edison was the
host utility, making the Unit 4 boiler at the Edgewater Station available for the demonstration.

B&W concluded the full-scale demonstration tests of LIMB technolagy under the EPA
contract in June 1989. The testing was limited to the calcitic hydrated lime and ligno lime while
burning 3.0 percent sulfur Ohio coal. The CCT program provided the opportunity to build upon the
base EPA LIMB Demonstration by extending it to a broader range of coals and sorbents. Another
incentive was the potential for increased SO, capture by humidification of the flue gas. Still
another was an outgrowth of CONSOL's work with the Coolside process, an in-duct flue gas
desulfurization technology, and B&W's [spray} dry scrubbing technology, both of which suggested
the desirability of further development of the Coolside and LIMB processes. Both the Cooiside and
dry scrubbing processes rely on controlled humidification of the flue gas to a close approach to the
adiabatic saturation temperature. The success of the early LIMB tests with respect to SO, removal
and the potential of overcoming the deleterious effects of LIMB ash on ESP performance, were
additional reasons for combining and extending the technology demonstrations in the CCT project.
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Thus the participants applied for and received DOE CCT funding for the LIMB Demonstration
Project Extension and Coolside Demonstration. The project was divided into the two separate, but
related, demonstrations of the technologies on the same boiler at Ohio Edison’s Edgewater Station
in Lorain, Ohio.

The LIMB and Coolside processes are expected to be competitive in overal! cost of SO,
emission control with conventional wet FGD processes, and with significantly lower capital costs.
The technologies are considered to be most applicable to older coal-fired plants and are expected to
be especially economical in plants with small to intermediate size boilers with load factors between
about 40 and 75 percent. As is true with most FGD processes, the practicality of LIMB or Coolside
as retrofit technoiogies depends on site specific considerations. The design of the boiler, the
convective pass, the air h;ater. and ash removal system are all major factors, as is the plant’s life
expectancy.

PROJECT OBJECTIVES AND SCOPE

The primary objective of the LIMB Extension portion of the project was to demonstrate the
broader applicability of the technology to coals aver a range of sulfur content. For NQ,, the
objective continued to be demonstration of emissions less than 0.5 Ib/10° Btu. The emphasis,
however, was focused on SO,, for which the demonstration aimed at characterizing the
performance of various sorbents as a function of Ca/S stoichiometry. These sorbents were to
range from relatively low cost materials that might be selected because of local availability, to
higher cost materials of greater reactivity. Coals with three nominal sulfur concentrations were
tested, when possible, while injecting each of four sorbents. By comparison, the EPA LIMB
Demonstration had had as its initial SO, objective the demonstration of 50 parcent or more removal
with one calcium-based sorbent at a2 Ca/S ratio of 2.0 whils burning a 3.0 percent sulfur Ohio coal.
Interest in testing additional sorbents was spurred by early success in achieving this objective,
attributed to the thorough investigation of the chemical and physical processes involved. Even
when early tests resulted in ESP performance degradation, research had shown humidification as a
solution to the problem’s being caused by high resistivity LIMB ash. As a result, interest in testing
additional sorbents and other coals, along with the Coolsideprocess, continued to develop.

The other major objective of the project was to use the information accumulated in the

course of the demonstration and apply it to the design of hypothetical commercial systems. This
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was to form the basis for capital and operating cost estimates that would then be compared to the
aconomics of state-of-the-art FGD technology, currently considered to be wet limestone scrubbers
utilizing forced oxidation to produce gypsum, CaSQ, - 2H,Q. The remainder of this report presants
the technical results obtained during the LIMB Extension, together with a discussion of the

commercial LIMB, Coolside, and wet LSFO FGD system designs and the economic evaluations and

comparisons drawn from them.
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SECTION 3
PROCESS DESIGN/EQUIPMENT

PROCESS FUNDAMENTALS

The basic mechanics of the LIMB process are simple. A calcium-based sorbent is injected
into the furnace to capture SO, in the flue gas. Low NO, burners are used to control these
emissions. No complicated pieces of equipment are necessary. The overall process chemistry is

likewise simple. Sorbent is injected into the furnace where the following reactions take place:

Calcinati
Limestone CaC0O, + heat & Ca0 + CO, (1a)
Hydrated Lime Ca{OH), + heat & Ca0 + H,0 {1b)

Ca0Q + SO, + 0.5 O, # CaSO, + heat (2)

Subsequently, water reacts with the excess quicklime (Ca0Q) and CaSQ, at lower temperatures
according to:

Hydration
Ca0 + H,0 # CalOH), + heat {3}
CaS0O, + 2 H,0 # CaS0,+*2H,0 + heat 4

The importance of the mechanics and chemistry on the SO, removal performance and
operability of the LIMB system should be kept in mind as fundamental in the discussion to follow.
While the details are documented in the research and development conducted before and during the
original LIMB demonstration,'>* several general concepts are noteworthy. Primary among these is
the need to assure effective mixing of any sorbent with the flue gas. Extensive rmathematical and
cold flow modeling was conducted to understand the temperature and velocity profiles in the
furnace and of the flue gas in the humidifier. These were considered essential to achieve effective
sorbent dispersion in the former case and to minimize walt wetting in the latter. The need for this
modeling will be site specific in any future commercial system der.?ending on the similarities of the

appiication to installations preceding it.
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Process chamistry is intimately tied to the sorbent dispersion process for a few reasons.
While the chemical equations represent the overall reactions, it was important to consider the
kinetics and thermodynamics of individual reactions in relation to the timeftemperature profiles
involved. The calcination reactions, for example, develop reactive surface area for the sulfation
reaction when sintering of the particles is minimized by avoiding high temperature zones. Similarly,
temperatures above about 2400°F where any CaS0, formed becomes thermodynamically unstable.
Understanding the mechanics of the humidification process is likewise essential in order to assure
that the water introduced cools the gas uniformly to minimize wall-wetting and the deposit
formation that can then occur. Related to this, the highly exothermic hydration of quicklime can
give rise to voluminous steam evolution if water is added during ash handling operations as it was
at Edgewater. The reader is referred to the literature cited above for more extensive discussions of
this background than is possible here.

BACKGROUND

Numerous bench- and pilot-scale studies on sorbent injection were undertaken in the United
States during the 1960s in anticipation of passage of the original Clean Air Act. This work
cuiminated in a full-scaie demonstration of the process on a 150 MWe boiler at Tennesses Valley
Authority’s Shawnee Station from 1969 to 1971.° The results of those limestone injection tests
waere less than encouraging at the time since technologies with high (on the order of 90 percent)
levels of SO, reduction were generally desired. Instead, SO, removal efficiencies typically fell in
the 20 to 30 percent range. Accordingly, commercial interest in the technology faded.

Performance improvements in the process, and a number of potential applications, renewed
interest in sorbent injection technology in the late 1970s and early 1980s. One technique tested
called for mixing limestone with the fuel, and then burning the mixture in multistage, low NO,
burners. This gave rise to the acronym LIMB (Limestone Injection Multistage Burner). Removal
efficiencies as high as B0 percent at a Ca/S stoichiometry of 3.0 were achieved in pilot studies.
These first LIMB tests, along with subsequent experiments that evolved from them, yielded some
important results, namely:

+ Limestone was not the only sorbent that could be used since some others wera capable
of producing even greater SO, capture
» Alternate methods of injecting sorbent offered equal or better performance than did
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injaction through the burners

s Surface area of the reactaﬁt is very important

e The temperature window for the sulfation reaction was identified to be roughly 2300 to
1600°F, with the former being near the thermodynamic limit of the reaction and the latter
a kinetic limit.

The early research also showed that there were factors that could adversely affect removal
efficiency.** Reactant surface area was found to diminish rapidly in the furnace environment.
Exposing the reactant to prolonged furnace temperatures in excess of 2300°F can sinter caicined
lime and reduce surface area. Pore plugging also degraded surface area as a result of SO, reaction
with lime. Thus the process is straightforward: inject sorbent into the furnace with effective
mixing and dispersion in the proper temperature window t0 maximize SO, capture. The success of
the EPA and DOE LIMB demonstrations projects is considered to be the result of the much more
thorough understanding of the time/temperature profiles of the furnace, coupled with matching the

injection process to the fundamental chemical kinetics.
EDGEWATER DEMONSTRATION SITE

Ohio Edison’'s Edgewater station is located on the south shore of Lake Erie in Lorain, Ohio.
Figure 1 shows the layout of the Edgewater Station. The boiler used for the demonstration is a
B&W unit, first commissioned in June 1957. The boiler is designated as No. 13 at the plant, and
generates steam for the Unit 4 turbine with 3 nameplate rating of 105 MWa. A schematic of the
boiler is presentad in Figure 2. The boiler has a convective secondary superheater, a reheater, a
horizontal primary superheater, an economizer, and a tubular air heater. All sootblowers, except
the four in the air heater, were converted to steam before the LIMB Extension tests began. Four
new steam sootblowers had been installed in the primary superheat area prior to the EPA LIMB

Demonstration. Four B&W "E”" pulverizers supply coal to the twelve B&W DRB-XCL™ low NO,
burners that replaced circular burners, again as part of the original demonstration. The burmers are
arranged three across by four high on the front wall of the furnace. A retrofit Lodge-Cottrell ESP
with a design specific collection area (SCA) of 612 ft*/10* ACFM replaced a smaller original device
in 1982,
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LIMB PROCESS/EQUIPMENT DESCRIPTION

Relatively few pieces of equipment are required for injection of sorbent into the furnace.
However, the system designed and installed at Edgewater contained special features and
instrumentation that would not otherwise be required for a commercial system. For example,
highly accurate differential weight loss feeders were provided in order that precise amounts of
sorbent could be fed to the furnace. This, along with much of the instrumentation, was necessary
1o obtain accurate and reliable data on the system’s performance. Such precise delivery of sorbent
wouid not be necessary in a commercial application. Figure 3 is a process flow diagram of the
LIMB system showing the major equipment described in the balance of this section. A more

complete equipment list is provided in Appendix B.

Bulk sorbent is delivered to the site by truck. The sorbent is unloaded into a large outside
storage silo. Conveying equipment located underneath the silo transfers material to a smaller silo
inside the boilerhouse. A rotary valve below this silo fills a gravimetric feeder which in turn feeds a
solids pump or a rotary valve. The solids pump was added during the LIMB Extension to replace
one of the two rotary valves originally installed. This pump proved to ba a much more reliable
device that sealed against the conveying air pressure more reliably than did the rotary vaive. This
improved tha stability of the feeders, since backpressure effects were a source of continuing
concern with the rotary valves, particularly at high feed rates.

A compressor supplies air to convey the sorbent from the solids pump or rotary valve to
distribution bottles above the boiler, where the flow splits to go to each of the injection ports. The
injection nozzles have an inner pipe through which sorbent passes and an outer annulus for booster
air. The booster air is used to increase the momentum flux of the injection jet of particles into the
boiler. Sorbent reacts with S0, in the flue gas in the furnace and then exits through the air heater.
The humidifier is installed in the ductwork between the air heater outlet and the ESP inlet. Water
flow to atomizing .nozzles'is controlled to maintain a constant humidifier outlet temperature. The

two-fluid nozzles use compressed air to atomize water.

The ash is collected in the ESP hoppers, from which it is then pneumatically conveyed to a
storage silo. A rotary valve below the silo feeds a pug mill where water is added for hydration of
any remaining quickiime component in the ash and dust-free unloading to a waiting truck. The

wetted ash is then taken by truck to a landfill.
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SECTION 4
DETAILED SYSTEM DESCRIPTION

This section contains a detailed description of major subsystems of the LIMB design,
including all of the modifications that have taken place since the original design for the EPA LIMB

Demeonstration. The major modifications are summarized in the iast part of the section.
MAJOR LIMB SUBSYSTEM DESIGN DETAILS
rben I Transfar

The sorbent storage and transfer system is shown in Figure 4. The sorbent storage silo is
designed to hold up to 400 tons of sorbent which equates to about a 43 hr suppiy of lime or a 73
hr supply of limestone. Sorbent is delivered to the silo in 20 to 25 ton truckloads. The trucks are
self-unioading and pneumatically convey the sorbent to the top of the silo. The silo is vented by a
locally contralled bag filter. Facilities exist for two trucks to unioad simultaneously.

Whaen the feed silo in the boilerhouse detects a low level, transfer equipment under the
storage silo automatically starts. The sorbent flows out of the storage sito through an
automatically controlled slide gate valve. There is an aerated bin bottom which promotes flow out
of the silo. Dry air is supplied to the serator by a dedicated lobe-type blower and an air dryer.
After passing through the knife gate valve and a rotary vaive, the sorbent enters a Fuller-Kinyon
solids pump. The pump is a positive displacement screw pump. Sorbent is compacted as it is
pushed through the barrel and provides a seal against the conveying air which transports the
sorbent from the pump to the feed silo. The source of the conveying air is a rotary vane
compressor.

The sorbe'nt exiting the screw pump is transported in dilute phase through an 8 in diameter
carbon steel line to the boilerhouse where the feed silo is located. This silo can hold about a 2 hr
supply of sorbent at full load conditions. The sorbent is separated from the transport air at the
feed silo by an inlet alleviator. Transport air vents through a pulse jet filter.

The transfer system operates for about 20 min every 2 hr and 20 min, which, for calcitic
hydrated lime, is roughly equivalent to injection of 15,000 Ib/hr, or a Ca/S stoichiometry of 2.5
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while burning 3.0 percent sulfur coai at full load conditions. The storage-to-feed silo transfer

system is designed to deliver 50 ton/hr of the less dense lima. Higher transfer rates were possible
with limestone. The transfer equipment is designed to operate automatically. A control ¢cabinet for
the equipment is located near the base of the feed silo in the boilerhouse. The equipment can also

be operated manually using hand on/off switches located near each piece of equipment.

Esed Svstem

The feed system (Figure 5) delivers a precisely controlled amount of sorbent to the injection
ports, and distributes it evenly across the boiler. The sorbant flows from the injectors in a non-
slugging manner. There are two independent feed trains, providing the capability of feeding any

two of the three injection levels at ona time.

Differential weight loss feeders below the feed silo provide the accurate, controlled flow of
sorbent to the injection system. A low level in the feeder hopper signals the need for a fill cycle to
begin. Each of the "pant-legs" on the feed silo is equipped with a Vibranetics bin vibrator, which
starts when the hopper fill cycle begins. A slide gate vaive below the vibrator opens and a rotary
valve, between the slide gate and the feader, filis the hopper in a steady. non-flooding manner.
The hopper fill cycle automatically shuts down on a high tevel signal.

Each differential weight loss feeder cansists of a hopper on a hinged scale which
determines the feed rate. An auger discharges sorbent from the bottom of the hopper. The
sorbent feed rate can be controlled from the feeder either gravimetrically (weight-loss} or
volumetrically {auger speed). Each of the two ways can be controlled either locally or remotely in

the control room. The feed rate can be manually input or set to automatically follow boiler load.

in the original design, each of the two gravimetric feeders delivered sorbent to a dedicated
rotary valve, which then discharged the material into the conveying air stream. These rotary valves
required constant adjustment and attention in order to maintain their ability to seal against the
20 psig conveying air. Failure to do so would cause the feed to the valves to become fluidized,
with a subsequent loss in capacity. As part of the LIMB Extension, the "B" feed train rotary valve
was replaced by a solids pump. This pump was equipped with a small baghouse to vent any air
that might otherwise find its way into the feed lines. Any sorbent collected in the baghouse

continued to be fed to the furnace as it had already passed the feeder control point for
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stoichiometry. This arrangement resolved the probiem of the sorbent becoming fluidized. The "A"
train was modified so that it could feed either the solids pump or its original rotary valve.

A rotary screw compressor supplies the conveying air. Air from the compressor passes
through a dryer and into a receiver. It then goes through a coalescing filter and a contro! valve
station. At the valve station, flow is automatically controlled to maintain proper dilute phase
operation. The convaying air meets the sorbent feed at the pick-up point, directly downstream of
the rotary valve or solids pump. A 4 in inner diameter {ID} hose connects the pick-up point to the
distribution bottlas.

The distribution bottles are designed to split the sorbent feed, from the rotary valve or
solids pump, equally to sach of the injectors in 2 non-slugging manner. [n the normal configuration,
one bottle feeds the injectors at the 187 ft plant slevation, and the other either the 181 or 181 ft
elevation. Two inch ID lines connact the distribution bottle feeding the 181 or 191 foot elevation
with the nozzies. These lines were changed from 1.25in to 2 in ID in 1988. The original 1.25 in
lines were retained between the bottle feeding the 187 ft elevation and the nozzles. The linas from
the bottles to each of the nozzles were designed and sized so that equat resistance was created in
each line. This minimized the possibility of uneven flow to each nozzie. The feed system was
designed to deliver a smaoth even distribution of flow to each nozzle. Visual and pressure checks
confirm this to occur.

The original sorbent injection nozzles were comprised of a 1.5 in 1D inner pipe and a
concentric 3 in outer pipe, creating an annular area through which booster air flows. The nozzles
could be tilted through a 30° arc. The nozzles at the lowest elevation could be tilted +15° from
horizontal. Those at the other two levels could be tiited from horizontal to 30° down from

horizontal. Figure 6 shows an injector nozzle and its relation to the wall injection port,

A radial fan supplies booster air which flows through the outer annulus of the nozzles just
described. The high velocity carries the sorbent particles further into the boiler than they would if
only conveying air was used. Booster air flow is controlled by the distributed control system
(DCS). A signal from a flow transmitter at the fan outlet is sent to the DCS, which then opens or

closes a vortex damper at the fan inlet. The booster air also provides cooling air for the nozzles.
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The humidifier was constructed on the roof of the boilerhouse where the piant’s original
ESP was located. It was designed with 100 percent bypass capability so that Ohio Edison would
not have to shut down the unit if there were problems with the humidifier. The bypass flue
functions in parallel with the existing flue which runs between the air heater outlet and the ESP
inlet. The layout of the humidifier and bypass system can be seen in Figure 7. Figure 8 is a
schematic representation of the ductwork from the air heater to the stack.

When the boiler is on line, the humidifier system can be brought into service through use of
modulating louver dampers. These same dampers provide a means for regulating flow through the
humidifier should only partial treatment of the flue gas be desired. Should internal maintenance be
required, the humidifier can be isolated, even while the boiler is on line, through use of guillotine
shut-off dampers. Extensive safety interlocks protect against improper damper operation which
could lead to overpressurization or implosion in the flue or boiler,

The humidifier, sized to maximize evaporation and minimize wall wetting, is 14.6 by 14.6 ft
square and approximately 60 ft long. Its size allows for a 2 sec residence time at design
conditions. This corresponds to an inlet flue gas velocity of 27 ft/sec. The humidifier was located
over the hoppers of the retired ESP so that, if need be, plates could be removed and ash could be
emptied from the chamber through these hoppers. Fortunately, this was never necessary. A
drawing of the humidifier is shown in Figure 8. The hopper baffles shown in the figure were
provided to minimize turbulence had it been necessary to remove the floor plates.

The structural support steel for the chamber was designed to hold a weight equivalent to
that of the chamber with a build-up of one foot of ash in it. Strain gauges on the support legs of
the chamber monitored the weight. The humidification equipment would be shut down if a “high®
load was detected by these strain gauges.

The water used for humidification is supplied by the existing Unit 4 service water systam.
The water, stored in a tank on an upper floor of the boilerhouse, is used as cooling water for the
atomizing air compressor as well. An in-line pump boosts the pressure to obtain the flow
necessary for the compressor. The water then fiows either through a basket strainer and into the
storage tank, or back to the raw water intake channel. The level in the tank is maintained by a
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control vaive,

The water for humidification is pumped from the storage tank through another duplex
basket strainer to a valve station. The valve station controls the water fiow to the humidification
chamber based on the humidifier outlet temperature set point. The inlet pressure to this flow
control station is maintained by a back-pressure control valve which returns water to the storage
tank.

Between the flow control valve and the humidifier there is yet a third duplex basket
strainar. The flow splits after the strainer and goes to the north and south atomizer suppiy
headers. Each header can supply eleven lances. The water supply to the individual lances was
designed to pass through an in-line "Y" strainer, three-way air purge valve, and an air operated ball
valve. Atomizing air is used to operate this ball valve. This ensures that the ball valve closes and
stops the water flow if there is no air flow to the lance. This prevents unatomized water from
entering the chamber and causing serious problems, since unatomized water would quickly lead to

massive ash accumulation and large quantities of depaosits that would be difficult to remova,

Manual globe valves are instatled on the water feed line to each lance to balance flow.
These valves serve to equalize the pressure lossaes that are inherent in the vertical supply header.
An automatic system operating on differential pressure signals was provided, but did not account
for slight side-to-side differences in flue gas temperature and flow. The manual control valves
allowed for fine tuning of the flows based on outlet temperature measurements. Once set, these
valves would maintain the desired bias for days at a time, even with changas in unit load and gas
flow. For the purposes of the tests conducted, flow transmitters were installed on each lance and
the signal sent to the DCS.

A three-st_age, centrifugal compressor pulls air through an inlet filter located on the roof to
provide the atomization air required. The air passes through first and second stage intercoolers and

moisture separators. The discharge from the third stage is sent to an air receiver,

A control valve maintains a set differential pressure between the air header and water
header pressures. This valve is located just downstream of a "Y" filter in the air line directly
downstream from the air receiver. After the control valve, the air header splits in the same fashion
as the water header to form the north and south lance headers. These supply up to 22 B&W
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patented lances, 11 each in the north and south spray deck enclosures. The lines routed from the

header to the individual lances each have a manual shut off valve and a "Y" filter.

The patented B&W Mark Xl atomizer was selected for use in the humidification chamber.
Each lance holds five of these nozzles. The nozzles are of the two-fluid type in which water and air
are mixed within the nozzle and blow out through orifices to provide the necessary atomization.
The lance design places the nozzles ingide nacelles to reduce pressure drop and ash build-up.
Figure 10 shows a cross-sectional view of a nozzle inside a nacelle. The nozzle was chosen after

performance tests showed it to be superior to other commercially available nozzles.

The arrangement of the lances and their numbers, as well as the number of atomizers, was
determined by tests described eartier. The reason for the tests was to minimize wetting of the
humidifier walls, floor, and ceiling. The lances also had to be placed so that the spray from the

atomizers did not impinge on each other and cause coalescence of the spray into larger droplets.

The flow models and tests led to an atomizer array ten across by eleven high. The
atomizers were spaced approximately 12 in apart. With five nozzles per lance, a total of 22 lances
were necessary for the array. The lances are shaped like an airfoil. Eventually only 20 lances were
used, ten on each side, after it was determined that the spray from the lowest row of atomizers
could impact some material on the floor of the duct and cause accelerated build-up. Figure 11
shows the layout of the array with dimensions. Figure 12 shows the layout and a more detailed
look at a lance.

The lances are hollow and open to the atmosphere outside the chamber. The negative
pressure in the chamber causes air to be sucked through the vent and exit openings in the lances
surrounding the nozzles. This air is referred to as shield air and serves to keep the atomized water
from swirling back and contacting the surface of the lance and the nazzle. Waetting of these
surfaces can cause a build-up of LIMB ash,

A reheat system was installed upstream of the stack at the ESP outlet to protect the
punite-lined stack for Unit 4 at the Edgewater Station. The condensing-type steam coil reheater
was designed to increase the flue gas temperature 40°F above an anticipated 145°F coming from
the humidifier. This was the temperature axpected as a result of cooling the flue gas to a 20°F
approach to the adiabatic saturation temperature.
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Saturated steam, at approximately 1600 psig from the boiler, feeds through a pressure
reducing station and a flow control valve. It enters the reheater at 300 psig and 423°F. The
reheater consists of four sections which are all independently vaived. This allows for removal and
maintenance on any of the sections while the others remain in service. Platforms and trolley

beams were provided so this work could be performed if necessary.
Ash Removal System

A pneumatic conveying system uses a vacuum created by a hydraulic exhauster to pull ash
from the air heater, sconomizer, and ESP hoppers, and transport it to the Unit. 4 ash silo. The ash
is separated from the air stream through use of a cyclone separator and a baghouse. The air
stream continueé to flow to the eductor in the exhauster system. A dust pugger was added to
keap the throat of the eductor clear as the LIMB ash tended to build up more quickly than regular
fly ash where the air and entrained ash mix with water. The air and water used to create the
vacuum mix in the eductor and flow to an air separator. At this point the air is vented and the
water flows to the ash settling pond. This water is neutralized with sulfuric acid as necessary to
reduce the alkalinity caused by the LIMB ash particles that bypass the separation equipment.

Water is mixed with the LIMB ash in a pug mill under the ash storage silo to condition it for
transport and disposal. The ash is fed to the pug mill through a variable speed rotary vaive.
Aeration pads in the bottom of the ash silo keep the ash flowing into the rotary valve. The rotary
valve controls the rate of ash feed into the pug mill. The flow rate of water is also tightly
controlled. Enough water is added to slake the free lime componeant and keep fugitive dust
emissions to a minimum. The slaking reaction is exothermic and can result in the generation of
voluminous clouds of condensed steam. Extra water is added to compensate for that which
evaporates in the process. Adding too much water causes the mixture to turn to a sludge that,
given the proper proportions, can harden through a series of cementitious reactions. Lasser
guantities of water slow these reactions and also produce an ash with the consistency of a moist
dirt that can readily be dumped from the trucks. A diagram of the ash handling system is shown in
Figure 13,

The pug mill discharges directly to a dump truck waiting below. The water/quicklime
reaction continues and the steam clouds gradually subside after about 10 to 15 minutes in the bed
ot the truck. The wetted ash is then taken by truck to a landfill. It is noted that even though the
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steaming subsides, the ash temperature decreases much more slowly than the steaming subsides.
Ash temperatures in the truck bed have been measured as high as 260°F, and the main body of
ash and any metal truck walls in contact with it will remain very hot for several hours. Ash treated
at any given water/quicklime ratio and spread on the ground will cool more quickly, of course, with
the rate dependent upon ambient conditions and the area available.

SYSTEM MODIFICATIONS

r r Transf m

The speed of the solids pump below the storage silo was increased to raise transfer
capacity. This was accomplished by resheaving the V-belt drive. This was necessary because of
the relatively low bulk density and fine particle size of the hydrated lime. In addition, the shaker-

type baghouse on top of the lime feed silo was replaced with a greater capacity pulse jet unit fitted

with Gore-Tex™ bags. This change parmitted filling of the silo at the original design rate.

Sorbent Feed System

When the differential weight loss feeders would go into a fill cycle, sorbent would flow into
them too rapidly and cause material to flood through. Rotary valves remedied the situation. By
adding them at the discharge of the fead silo, the fesdars filled in a slower, more controlled
fashion.

The differential weight loss feeders were vented to the economizer outlet to minimize the
flooding that occurred during fill cycles. The slightly negative pressure at the economizer outlet
helped to keep the vent lines clear and reduce flooding.

A vent hopper was added to help reliave pressure in the rotary valves downstream of the
feeders. The design of the hopper allowed for any sorbent entrained in the vented air to drop out
and return to the valve. The vent hopper itself was vented to the air heater cutiet. The slightly

negative pressure helped to vent the hopper.

The feed system as it was initially designed used a dense phase air system to convey the
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sorbent from the pickup point below the rotary valve. Dilute phase air was then mixed in and uvsed
to convey the sorbent to the distribution bottle through a 2.5 in pipe. This methad of conveyance
created too much back pressure on the rotary valves. The high back pressure forced conveying air
up through the valves and fluidized the sorbent entering the valve pocket which in turn reduced
capacity. The dense phase systam was eliminated and the 2.5 in pipe was changed to a4 in ID
hose. The removal of the dense phase conveying system eliminated all of the piping, valves, and
transmitters associated with that part of the system.

A solids pump was added to replace one of the rotary valves. System capacity was
difficult to maintain without repeated adjustment of the seals in the rotary valves. The installation

of the solids pump ensured steady, reliable sorbent feed with only a fraction of the maintenanca.

The inlet piping to the distribution bottles was increased to 4 in diameter to accommodate
the 4 in 1D hose installed to replace the original 2.5 in pipe. The lines from the distribution bottle
feeding the 181 ft injection level nozzles were changed to 2 in ID from 1.25 in. The inner pipe in
the nozzles on this level were changed from 2 in ID from 1.5 in.

Hymidifier

The ten across by eleven high array of atomizing nozzles was changed to a ten by ten by
ramoving the bottom lances on both the north and south sides. It was found that the spray from
the bottom row was impinging on the floor and causing a buiid-up of ash. The remaining {ances
were changed to the design using nacelies for vent air to reduce the accumulation of ash on the
nozzles. The lances were hollow and open to atmosphere outside the duct. The negative pressure
in the duct pulls air past the nozzles and helps 10 reduce deposits on the atomizer tips. These

changes led to improved humidifiar perfarmance.
h val

The bags in the pulse jet bag filter on top of the ash silo were initially made of feit. These
were replaced by Gore-Tex™ bags which handled the fine LIMB ash particles more efficiently.
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H Control

The yard sump in the ash unloading and storage silo area was rerouted to the neutralization
equipment. This allowed water from wash-down in the unloading area to be treated before
entering the ash pond. The area drains to a sump that collects water used to clean up yard spills.

A second pH probe was added to improve neutralization control. A length of polyvinyl
chioride {PVC) pipe was added after the acid injection point. This acted as a mixing chamber so
the acid and water would be thoroughly mixed before reaching the ash pond. The second pH probe
confirmed that the water had been properly neutralized.
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SECTION &
TESTING

DATA ACQUISITION AND REDUCTION

Because the Clean Air Act and its amendments have historically emphasized the controt of
S0, emissions, the focal point of the LIMB Extension tests was the demonstration of the SO,
removal capabilities of the sorbent injection process. While important in the overall view, emissions
of NO, and particulate receive less attention for additional reasons. First, NO, emission control in
LIMB was essentially set by the design parameters developed for the DRB-XCL™ burner before and
during the original LIMB demonstration. While the LIMB Extension provided an opportunity to
explore some possible causes of variations seen in the course of that project, data was obtained
more passively as the conditions changed during normal boiler operation, rather than through a

rigorous series of parametric tests.

The reasons for reduced emphasis on particulate emissions are twofold. The first is that
ESP technology is regarded as a mature technolagy for which the effects of changing the
independent variables are well established. The second is that the casts of conducting tests over
the longer periods of time required to obtain steady-state conditions needed became prohibitive.
One to two weeks at each test condition would have been necessary to develop truly meaningful
data on particulate emission control. The benefits of conducting tests with much mare frequent
change in injection stoichiometry, and doing s0 over the range of boiler load, were regarded as
having greater value. Continuous opacity data was considered to be a reasonable alternative as an

indicator of the peneral impact of the technology on particulate emissions.

Performance of the total system -- boiler, sorbent injection system, and Radian
Corporation’s Continuous Emission Monitoring System (CEMS) -- was monitored by the B&W Boiler
Performance Diagnostics 'System 140™. Since the data presented in this report were taken from
the output of this device, the following describes how the data were collected and handled by the
Systemn 140™. As part of the original EPA LIMB project, this computerized data acquisition system
was expanded beyond its normal boiler performance function to a customized device capable of
monitoring the additional equipment and analyzers associated with the LIMB technology. It was
also programmed to perform a variety of calculations specific to the technology, such as Ca/S
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stoichiometry, as well as to reduce the data from the CEMS according to EPA-accepted procedures.

The input data for the System 140™ consisted of approximately 700 temperature, pressure,
flow, and gas concentration signals that were automatically read once a minute, together with
manuaily entered coal, sorbent, and ash analyses that were updated as necessary. The system
also accepted humidifier and pulverizer data, as well as ESP voltages and currents. Thus, the
System 140™ served as the primary data recording device for the project. Extensive quality
assurance/quality control measures begun during the original LIMB Demonstration were continued
throughout the project and are summarized in Appendix C.

As each set of readings was taken, the System 140™ performed about 600 calculations
that may be grouped into categories related to boiler performance, boiler cleanliness factors,
sorbent injection paramaters, humidification parameters, and emission data. Appropriate equations
were incorporated to account for differences in sorbent chemistry. As time progressed, ten minute
rolling averages of the input and calculated data were calculated for display in data lists and/or 2,
8, 24, or 188 hour trend charts as appropriate. In many cases the most recent individual input
data were similarly displayed. In addition, hard copies of the data lists and trend charts were
obtained as needed.

The System 140™ also performed several other functions associated with on-line error
analysis, the redetermination of the LIMB system’s performance based upon recalculation of the
stored ten minute averages with updated, ultimate coal and sorbent analyses received several days
after the fact, and x-y plotting of trended values. The recalculation feature was included such that

the ultimate coal analyses could be entered at a later date when the analysis was complate.

The calculations of particular importance were those associated with the determination of
coal firing rate and "inlet” SO,, sorbent injection rate, and S0, emissions. These are described
individually in the following paragraphs.

Coal Firing Rate and “inlet” SQ,

It was decided early in the EPA project that the coal feeders at the Edgewater Station were

of a type and vintage that would not readily provide the desired accuracy in feed rate. The
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determination of coai firing rate by the System 140™ was considered to be more reliable in that it
calcuiates the rate based on the coal analysis and a series of heat and material balances derived
from the temperatures, pressures, and flows measured throughout the boiler. While the exact
equations within the System 140™ are derived from the original design of the Edgewater boiler and
are considered proprietary, the pertinent portions here are quite similar to ASME PTC4.1 {American
Society of Mechanical Engineers Performance Test Code), ASME Heat Loss Methed, a standard
calculation of boiler efficiancy in which fuel rate is also determined. The product of the coal firing
rate and the sulfur content of the coal is the basis for the sulfur term in the Ca/S stoichiometric
ratio. The ratio of coal sulfur to its as-fired, high heating value (HHV) allows calculation of the
"inlet” SO, on a |b/10® Btu basis according to the equation:

i ,l 1 a - I 1x1 o 1 M 4,
nlet SO, Ib/10° Btu 1100 Ib Coal} (HRV, Btu/lb coal) {32,064 b S)

r injection R

Sorbent was fed from either of two Acrison differential weight loss feeders to any two of

three elevations in the upper furnace. The feed rates output from the two feeders were summed
by the System 140™ to give the total sorbent injection rate. The product of this value and the

calcium content of the lime or limestone determined by analysis was the basis for the calcium term
in the molar Ca/S stoichiometric ratio calculated as:

- Ib/hre
Cal$ (Coal, Ib/hr) {Coai S [wt %], Ib) (74.1 [b/Ib mol Ca(OH},} (100 Ib Sorbent)

[This equation is for hydrated calcitic lime. Equivalent equations were used for the other

sorbents.)

S0, and NQ, Emissions

Radian Corporation's CEMS continuously analyzed several gases in the duct betwean the ID
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fan, following the ESP, and the stack. The sampling point was confirmed to be a representative
location according to EPA quality criteria.'® Figure 14 shows the extractive system used. The
analyzers were calibrated daily, excluding weekends and holidays. Calibration gases entered the
system just downstream of the iniet filter in the ESP outlet duct. This verified the operation of the
system in addition to confirming that there was no appraciable capture of SO, in the sampling
system. The inlet filter itself was maintained at approximately 300°F, a temperature high enough
to assure that no significant SO, removal occurred there as well, Heated sample lines carried the
gas to a conditioner which removed moisture by condensing it. The dry gas then passed from the
conditioner through a manifold which routed samples to each of the analyzers. The gases
monitored continuously included SO,, NO,, O, (oxygen), CO,, {carbon dioxide), and CO (carbon
monoxide). Total hydrocarbons were also monitared early in the EPA project, but were found to be
at or below detection limits over the course of several manths. For this reason, use of this monitor

was discontinued.

Most pertinently, SO, and NO, (each parts per milliocn by volume [ppmv]) and O, (vol %)
values were read every minute by the System 140™. The SO, and NO, concentrations were then
converted 1o a ib/10? Btu basis using the standard "F-factor” equation and the measured O,
concentration to correct for dilution. The difference between this outlet SO, value and the "inlet”
value deascribed earlier represented the removal which, when divided by the "inlet” SO,, gave rise
to the removal efficiency calculated by the System 140™, using the most recent ten minute rolling

average values at any point in time. The squations used in the caliculations were:

F,. Dry Standard Cubic Feet (dscf} Flue Gas/10° Btu =

(M' {53&4 xH} + (153 xC} +(057 xS) + {0.14 x N} - 0.46 O} dscf Flue Gas/b Q_QgI}

10° Btu Coal HHV, Btu/lb

whare H, C, S, N, and O are the weight percentages of these elements and HHV is the

high heating value of the coal on an "as received” basis.
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Figure 14. CEMS sample acquisition system
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Outlet SO,, Ib/10° Btu =

(SO,, ppmv dry) (2%%3'—5‘;—03: {F,, dscf/10% Btu) {1.66x107 Ib SO,/{ppmv dscfl)
where O, is the volume percentage of oxygen in the flue gas measured at the same
location where the corresponding SO, concentration {ppmv) is determined. Ali outlet gas
concentrations were detarmined on a dry basis at the stack, and on a wet basis
elsewhere {individual O, at the economizer outlet, air heater outlet, and humidifier inlet
and outlet; SQ,, CO,, and H,0 at the humidifier inlet/outlet where a dilution probe
sampling and analytical system alternated between inlet and outiet sample gas. When
appropriate for further calculations, gas concentrations measured on a wet basis were
corrected to a dry basis, as for example:

100 % )
100 - H,0, vol %

S0,, ppmyv dry = (SO, ppmv wet) {

where H,0 is the volume percentage of water assumed or measured at the sample
location.

Similarly,

Outlet NO, as NO,, Ib/10° Btu =

(NO,, ppmv dry} 13%59?"916’5—92) (F,, dsci/10° Btu) (1.194x107 Ib NO,/(ppmv dscf))
o T g

The SO, removal efficiancy is then given by:

. . - Inl - { b/10% B
SO, Removal Efficiency, % = {100 %) Inlet SO, 1b/10° Bty

TEST CONDITIONS

Since the high temperatures in the furnace precluded the continuous measurement of the

"inlet” SO, concentration, tracking of coal quality was of paramount importance during all sorbent
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injection tests. This began with "truck” and "bunker” samples collected and analyzed by Ohio
Edison as part of their normal analytical procedures. These analysas, available approximately a
week aftar the samples were collected, were generally used to assure that the coal quality of
individual suppliers was generally within the desired tolerance, and occasionally to explain
otherwisa anomalous variations. In accardance with Ohio Edison’s statistically designed sampling
program, the truck samplas were collected with a sampling auger and the bunker samples with a
cross-cut coal stream sampler.

In order to have as invariant a composition as possible, Ohio Edison unloaded trucks at the
rear of the coal pile and then bulldozed the coal forward through the pile. This tended to biend the
coals together and lowered thae variability of the coal loaded to the bunker. This lower variability is

manifested in the lower standard deviations in the analyses of the bunker samples.

The coal analyses input into the System 140™ were based on the ultimate analyses of coal
samples automatically collected from the pipes exiting each of the four pulverizers at Edgewater.
The samples were generally obtained daily through the 5-day work wesk. Composite samples were
sent to CTECo for the ultimate analyses, while 4 to 6 samples were typically analyzed with the
on-site Leco sulfur analyzer periodically throughout test days. The Leco sulfur analysis, available
within 30 to 45 min of sample collection, provided as close as possible a "real time” measure of
the adequacy of the coal sulfur value being used in the System 140™, and of the variabiiity of the

sulfur during test periods. A significant change in this value would invalidate the period as a test.

The lower suifur content found in the ultimate and Leco analyses, as compared to the
bunker analyses, is believed to be due to the removal of pyritic sulfur in the "pyrite traps” built into
the dasign of the coal pulverizers. No credit was taken for this sulfur removal, however, since the
calculations were all performed on an "as-fired” basis. ("inlet” SO, values were obtained from the

S0, concentrations resulting from the coal actually burned).

Before a test could begin, a "baseline™ or "zero™ SO, removal efficiency for the system had
to be established when no sorbent was being injected. This was accomplished by adjusting the
value of the sulfur content of the coal analysis input to the System 140™. The removal efficiency,
calculated as shown earlier in this section, had to remain steady near zerc (typically within £3%
for 30 to 60 min) before a test could begin. This manipulation of the coal sulfur concentration was
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necessary to keep the System 140™ data base current with the coal being fired. By adjusting the
sulfur concentration of the current coal analysis to force the removal to zero, the “inlet” SO,
concentration was effectively being changed to make it agree with the measured outlet SO,
concentration. This not only served to "zero" the system SO, removal, but also kept the coal
analysis current with the coal being fired.

After the "zero baseline® SO, removal had been achieved, sorbent injection began. The
desired Ca/S ratic was input into the control system and the injection equipment started. Visual
inspection verified sorbent flow through all of the injection nozzles.

The system SO, removal would bagin to climb immediately upon introduction of sorbent
into the furnace, and after some length of time, level out. This usuatly required about one half
hour. Sorbent injection would continue at the desired stoichiometry until the removal efficiency
remained at a near constant level for at least a half hour, the minimum time considered acceptable
for a test. (The average duration of the 223 tests conducted during the project was 134 min, with
individual tests ranging from 30 to 710 min.) In addition to the uniformity and constancy of Laco
coal sulfur, sorbent feed, and SO, remaval, valid tests required that boiler operation remain
constant as well. Thus, parametars such as load, coal flow, steam flow, and flue gas oxygen
concentration (combustion air) likewise had to remain steady at the desired values throughout the
test period.

The demonstration of system operability during non-test periods was also an important
facet of the praject, with unit load being the key parameter to which the LIMB control system
responded. Thus, while performance was characterized during test conditions, reactions to
unintended upsets such as pulverizer trips, as well as to such intentional ones as load changes,
were just as much real "tests® of the technology. While steady-state performance data were, by
definition, imposs}bie during such incidaents, LIMB system operability was shown almost always to
be responsive with as rapid a proportional change in sorbent feed as the change that prompted it.
The same was generally true for the humidifier as the water flow would change to accommodate
changes in gas flow. Had it not, large deposits would have formed quickly given the fact that the
unit's general pattern of operation carried it to full load during the day and minimum load

(approximately 33 percent of full load) at night.
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Finally, the DRB-XCL™ burners originally installed as part of the EPA LIMB project continued
to function well throughout the LIMB Extension and produced overall NO, emissions slightly lower
than those seen during the earlier project. In this sense, the data collected over the whole range of
boiler operating conditions can be thought of as constituting the "tests” of the low NO, burner

technology.

EXAMPLE OF A TEST

This section discusses one test period in detail to provide the reader with a more concrate
example of how the data was acquired and reduced. The CEMS stripchart recorder trace for LIMB
Extension test LE-85 is shown in Figure 15. The test is also identified as DL87-85 which indicates
the injection of dolomitic iime at the 187 ft elevation. As can be seen, the SO, concentration
remains constant until just after sorbent injection begins at 10:24. It rapidly drops about 35
percent, and then begins to level off at about 40 percent removal 30 to 40 min after sorbent was
first injected. Test data are collected for about 5.5 hr, whereupon the sorbent feeder hoppers and
lines are emptied. With all feed off by 17:00, the SO, concentration siowly returns toward its
baseline level. The return to baseline is slow as residual, unreacted lime spread throughout the
boiler is either purged or continues to react at reduced rate until it is consumed. The time required
tor this varied among the tests from about one to four hours depending to a large extent on the
load and the operators’ preferences in sootblowing. For this test, the return took about 1.5 hr.

In order to facilitate data reduction, selected 10 min average data collacted in the System
140™ were routinely downloaded onto a floppy disk in a spreadsheet format. These data were
then used to calcuiate average values either for relatively short, individual test periods in the case
of SO, removal, or accumulated over a period of months for characterizing long term NO,
emissions. Table 1 shows some of the selected data copied to the floppy disk, to which notes
have bean added indicating exactly which data were used to define the "zero”™ baseline and average
SO, removal efficiency of test LE-85 (DL87-85}.

Analyzer calibrations, followed by any necessary adjustment of the coal sulfur, typically
preceded each test. For test LE-85, the 07:15 Leca coal sulfur measurement had been 1.66
percent, quite close to the 1.56 later measured for the 14:00 sample, and to the 1.58 and 1.55
percentages measured on the daily composite samples analyzed on-site and by CTECo,
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Figure 15. Typical CEMS trace during a tesl
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TABLE 1. SELECTED TYPICAL DATA FROM A TEST PERICD

Coal Main Cale, Fus Gas
Outiet Outiet Firing Steam Groms Lime Temp. Laaving Humidifier
80, 80, NO, Rsts Flow Unit Fead at Furnaos Outiet
Time on Ca'S Removal  _ Wb b Iy Ibihr Loed Rate Nose oy Gae Temp.
Test 11/8/%0 Ratio % 10* Btu 10° B1u x 107 x 10 Mwe Ibty *F x 107 of

on03:14 -4.230 2.743 0.4001 a1.90 606.8 701 1870 7727 201.3

[l B L) -5.273 2.748 0.4394 87.13 738.4 102.7 2203 6.8 2831

09:26:23 -3.692 2,703 04728 B87.78 743.7 104.2 2202 9901 201.7

09:36:24 -3.768 2.708 0.4859 88.48 780.8 104.6 2266 10240 279

O0:46:24 4211 2717 0.4061 88.06 746.2 104.7 2239 1020.0 271.8

Zavo OR:66:24 ©.708 2.730 0.4964 2007 782.3 104.0 2280 10300 277.2
Zero 10:06:28 .870 2.738 0.56001 8843 7477 104.8 2287 1017.0 2787
Zero 10:16:26 0.783 2.13) C.4983 87.88 741.9 104.2 2284 1011.0 2188
10:26:26 1.084 0.402 2.2 05043 10.70 763.7 104.2 73 2201 1041.0 270.0

10:38:26 1.921 2068 1.936 0.5008 88.83 7404 102.4 2847 2248 10240 2037

10:485:26 1.98E JE.88 1.744 08134 98.37 760.8 103.7 10101 2250 1021.0 201.0

10:86:28 $0.08 7400 103.6 [1he) 2238 1064.0 260.7

DL87-88 11:08:26 1878 41.07 1.587 0.6160 8768 7461 103.2 832 2236 1020.0 267.2
DL87-86 11:16:26 1.073 42.21 1.680 0.6318 BT.04 7609 102.8 9o 2229 1026.0 268.0
DL87-86 11:26:26 1.880 41.06 1.582 0.6104 88.01 760.1 192.8 "2 2243 10180 268.1
DL87-88 11:36:20 1.983 43.08 1.544 08117 9764 748.2 102.8 a8es 2242 1008.0 2568.2
DLST-08 11:48:27 1.906 43,31 1638 0.4806 87.08 745.8 1024 902 2273 7.2 286.0
DLat-86 11:886:27 1.968 43,48 1.634 0.5102 27.14 1488 102.8 08 2232 1008.0 2844
DLET-86 12:06:27 1.093 46,07 1.489 0.5305 8749 148.2 102.1 2045 2187 1082.0 2868.3
DLB7-86 12:16:27 1.029 44.32 1.609 0.6304 88,63 780.3 101.3 8763 2126 1078.0 286.0
DLO7-86 12:26:27 1.820 42.32 1.684 0.6001 087.64 7626 101.8 #r02 2168 1038.0 2549
DLE7-86 12:36:27 1.825 41.92 1.678 04700 .82 765.8 103.8 950 2207 10320 265.8
OLe7-86 12:465:27 1.892 41.08 t.697 0.4874 90.98 786.8 103.1 9049 2ne 1066.0 266.7
DLE7-86 12:66:27 708 7826 102.6 M2 2182 mnan.o 265.8
LE7-BE 13:06:27 1.096 43.44 1.833 0.4038 575 7480 103.2 10023 2220 973 264.3
DLB7-86 13:18:28 1972 40.23 1.459 04772 .87 7832 102.7 10023 22%1 a7 264.3
DL87-86 13:26:28 1.933 40.87 1441 04804 ;.30 760.4 101.8 st 2180 1018.0 2654.8
DLe7-88 13:36:29% 1.943 47.81 1418 05032 10.92 772.3 104.1 10062 2182 1080.0 2680
DLB7-86 13:45:28 1913 46.41 1479 0.4958 02.28 785.9 w0e4 10128 2237 1081.0 268.7
DLB7-8% 13:66:28 1.007 42.07 1.670 0.6020 93.18 7799 106.8 10180 2239 10710 287.1
DL87-8% 14:06:28 1.832 40.72 1.807 C.4981 80.98 780.3 103.4 W72 2240 1027.0 266.9
DLe7-86 14:16:28 1.968 41.27 1.603 0.4788 . 7801 1030 10270 2282 930 266.2
DLB7-86 14:26:29 1.987 41.80 1.588 0.A824 28.49 7639 103.3 10017 22680 508 2648

AR T T e BT o
continusd
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TABLE 1, [(corwirusd).

e e e e ]
Coal Main Cale. Flus Gas
Outet Outiet Firing Steam Groms Lime Temp. Leaving Humidifier
sQ, 30, NO, Rate Flow Uit Fead o Fumece Qunlet

Time on Ca/s Removel __ Ib Ib /e Ib/he Load Rate Nose /b Gas Temp.

Tost 11/0/00 Ratio % 10° Brw 10* Bty x 10 x 107 Mg v *F x10° °F
DLB7-86 14:36:20 t.870 42.81 1.680 0.4877 87.92 7609 103.0 014 2254 ;e 264.7
DLR7-86 14:45:29 1.980 43.10 1.544 0.4812 88.28 766.7 102.7 102186 2273 983.2 288.7
oLR7-86 14:66:29 87.44 748.7 1028 10002 2168 1083.0 268.1
DLI7-88 15:08:29 1.940 43.07 1.828 G.4478 50.29 768.7 102.8 104 2200 " s 260.0
DLB7-86 16:18:28 2012 44.05 1480 0.4838 $3.7% 763.2 192.1 10086 2142 1070.0 268,85
DLB7-85 15:26:28 1.1 4559 1476 Q.AG88 879 7844 1021 e 2187 1018.0 25588
DLe7-85 15:36:29 1.969 44 80 1.503 C.4400 1mA4 7814 102.2 0947 41 1] 1008.0 266.5
DLB7-06 16:46:31 1.928 2.3 1.6861 0.4688 .65 782.3 104.3 10019 2116 1087.0 266.4
DLR7-86 16:86: 1 1.1 40.808 1.001 oAl 90.76 782.8 103.0 9884 a2 10320 267.6
OLe7-96 10:08:11 1.043 40.58 1.011 0.4844 09.06 766.7 103.7 10039 2239 1017.0 2583
DLE7-86 19:16:32 1.950 30.72 1.03¢ 0.4480 os.o% 101.4 1029 hed 2218 "nes 268.7
DLS7-88 19:26:33 1.9485 41.60 1.608 0.4580 48,04 756.7 103.4 9848 2154 1087.0 268.3
10:36:34 A AR .9 1.704 0.4587 88.42 780.8 102.4 ans? 2m 11080 2605
18:45:34 1.328 3543 1.782 0.4582 B840 181.7 1020 o584 2117 1077.0 260.4
18:66:36 B84.04 7180 4. 2209 2126 10140 268.2
17:06:38 0.877 2.9 2.108 04177 01.83 8988 .0 3408 2173 938.0 2665
17:18:38 11.73 2398 0.4293 93.08 7012 7.1 2201 084.7 265.0
17:26:38 4.324 2.801 04400 53.14 808.8 0.3 2174 708 2645
17:36:368 1.389 2.002 0.4480 81.92 400.0 90.8 2200 L Q0 264.0
1746:36 0.908 2,885 0.4432 s2.858 1039 L [ A3 2178 974.2 264.0
17:56:38 1.088 2.800 o.4440 82.87 .2 0.2 2167 977.3 266.2
18:08:38 -9.304 2128 0.4406 82.38 s99.4 8.4 2204 8.7 266.0
18:156:38 0.841 2.744 04428 82N 700.3 [ L} ] 2787 "7.e k0.0
18:26:38 -2.1%0 27717 0.4487 299 098.3 7.1 2224 4.1 2683
18:36:30 -2.108 2.782 04422 $2.82 a8?.7 8.0 2224 1.9 - 266.2
10:48:30 -2.309 2.196 4310 92.37 700.7 0.7 ans a21.8 288.2
10:85:34 03.07 702.0 6.9 21n .7 257.1
19:08:38 -2.220 2.780 04182 82.10 807.8 | [ X ] 2288 020 282.7
Zoro: Aversge ©.82 2.73 0.50 s 781 104.5 2200 1on 2788
2 x Standard Davistion 0.23 0.01 0.00 1.8 17 04 " n -2 1
DLO7-06; Average 1.96 43.08 1.54 0.49 3.3 57 1080 5042 211 toz8 2857

Q.11 0.0% 2.8 LL 2.1 148 4 83 1.7
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respectively. Jus; before the test, the coal sulfur used in the System 140™ was changed from
1.49 to 1.55 percent, resulting in the change in calculated SO, removal between the 09:45 and
09:55 updates in Table 1. {In the table, breaks in the emission-related data every two hours
correspond to values disragarded during purge of condensed water from the CEMS gas conditioner.

Momentary introduction of air for these purges gives rise ta the large spikes in Figure 15.)

S0, removal efficiency remains near zero for the three updates before sorbent injection
begins. By the 10:25 update, both feeder A and feeder B are showing flow. The removal
efficiency rises rapidly at first, and then more slowly after 10:45. Beginning with the 11:05
average, it levels off in the 40 to 48 percent range for the following 330 min. After the test,
sorbent injection slows during hopper and line purging (16:35 to 17:05). With the feed shut off,
S0, removal returns to near zero by 18:065.

The 33 ten minute updates are then used to produce a test average 43.88 + 3.93 percent
S0, removal (corrected for the -0.82 percent "zero”) at a2 1.95 + 0.08 Ca/S ratio. The variabilities
correspond to twice the standard deviations and represent a 85 percent confidence level. The
compilation of test data in this way then forms the basis for the discussion in the emissions results
saction to follow.

SO, REMOVAL TEST CONDITIONS

The primary variables studied during the LIMB Extension test period were sorbent type and
sulfur content of the coal burned. Other independent variables were stoichiometry, humidifier

outlet temperature {approach to saturation), and the sorbent injection i{evel.

The project was designed to demonstrate the SO, removal efficiency of four sorbents:
calcitic limestone {CaCO,), type-N atmospherically hydrated dolomitic lime [Ca{OH), - MgO], and
calcitic hydrated lime [Ca{OH),], both alone and with added calcium lignosulfonate (hereafter called
ligno lime). The testing was conducted over a range of caicium/sulfur molar ratios {Ca/S) and
humidification conditions, while burning Ohio coals with nomina! sulfur contents of 1.6, 3.0, and
3.8 percent by weight. A chronologicai summary of the various facets of the LIMB Extension test

program is shown in Table 2.
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TABLE 2. CHRONOLOGICAL SUMMARY OF LIMB TESTING
L

Nominal Cosl Sulfur, wt%

Sorbert 18 3.0 38
Cominatcial Calcitic 7018191 LI 71
Hydruted Lime 11/88-8/89
Ligno Lime 20914701, 6= 987", ame’, 5me’, 459

a1 4/90-6/90

Dolomitic Hydrated 7/90-10/80, 1190, 10/00, 1180 12/90,2/91
Lime 120
Limestena [80% < 444m) 8/90-7/90 6/90-6/00 ntt
Limastons (100% < 44pm) 1t Ne'’ NP
Limestons (100% < 104m) 13 NP NP

* Tosting tosk place during the EPA-sparmared project.
1 NT = Not wetad dus to projected difficulty in maintaining compliance with the plant’s emasion limit of 3.4 Iv10” Buu,
“‘ Not planned, Hut sttempted when lower than expected 50, removal was obtained with more coarse material,

NP = Not planned,

The coal/sorbent combinations of 3.0 percent sulfur coal with calcitic hydrated lime and
ligno lime, demonstrated during the EPA-sponsored program, were not repeated. The 3.0 percent
sulfur coalfligno lime combination was used to verify equivalent system operation, however. This
took place following the conversion of equipment back to a furnace injection configuration after the
Coolside duct injection tests were complete. The coal/sorbent combination of 3.8 percent
sulfurflimestone was not tested. Results with the two lower sulfur coals indicated that compliance
with the plant’'s 30-day rolling average emission limit of 3.4 |b SO, /10° Btu could not be
maintained while testing this combination. Two more finely ground calcitic limestones were tested
while burning nominal 1.6 percent sulfur coal. This was done because the more coarse material
originally used resulted in unexpectedly low SO, removal {discussed in more detail in the next

saction}.

For the coals used during the demonstration, the flue gas saturation temperature was
approximately 125°F, Minimal humidification of the flue gas is defined as operation at a humidifier
outiet temperature sufficient to maintain ESP performance. That temperature was typically 250 to
275°F. There were times during the demonstration that the humidifier did not have to run to
maintain ESP performance. This was true during the limestone testing. During some of the early
testing of dolomitic lime in August and September of 1990, runs were also made without
humidification because the humidifier lance assemblies were not on site. These tended to be
shorter (2 to 3 hr) tests. Close approach testing, as used in this report, is defined as tests
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conducted during operation at about a 20°F approach to the adiabatic saturation temperature of

the flue gas, measured at the humidifier outlet.

The range of Ca/S stoichiometries tested for any one coal/sorbent combination was
typically 0.8 to 2.2. Sometimes tests were performed outside this range, but not often. A couple
of tests were run above 2.5 to assure the fead system’s capability of delivering the higher mass
feed rates with the dolomitic lime.

Research had shown that optimum sorbent reactivity and sulfation are obtained in the
temperature range of roughly 1600 to 2300°F. The injectors were located where the flue gas
temperature in the boiler is at the upper end of this range. This led to the selection of three
different injection levels in the Edgewater boiler, at plant elevations 181, 187, and 191 ft. The
181 ft plant elevation is slightly below the nose of the boiler. The injection ports at this elevation
are all located on the front walt opposite the nose (Figure 16). The 181 ft level corresponds to a
temperature of about 2300°F in the boiler at full load. The higher injection levels correspond to
temperaturas a few hundred degrees cooler, since there was some concern during the design
stages that even the 2300°F average temperature might be too high.

SCHEDULE

Sorbent was injected into the furnace not only to obtain parametric test data while
demonstrating LIMB technology, but also to maintain the pfant’s 30-day rolling average, SO,
emission limit of 3.4 Ib/10° Btu while the higher sulfur coals were being burned. This required that
the test schedule had to be interwoven with the normal variations in electrical demand placed upon
the plant and the emissions that result from any given set of operating conditions. This led to the
almost daily updating of a projected 30 day rolling average as a guide in selecting test conditions
on any given day. Anticipated SO, emissions, based on results already obtained, were used to
forecast what the impact would be with respect to the compliance limit. Conserving sorbent when
it was not needed for test or compliance was likewise important as it minimized project costs. The

overall schedule shown in Table 2 is the result of all these considerations.

In daily practice, sorbent was usually shut down for a short period of time sach moming
during the five-day work week, to calibrate the instruments and obtain a zero. It was then

rastarted for tests and to maintain compliance. Thus, the LIMB system operated almost
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continuously during the time when high sulfur coal was being burned. When there was no danger
of exceeding the plant’s emission limit, the LIMB equipment was operated only for test purposes.
This generally occurred during the use of the 1.8 percent sulfur coal and produced test runs of two
to six hours. This operational philosophy conserved sorbent, minimizing project costs while still
demonstrating the system's capability.

The test runs attempted during the LIMB Extension are listed in Appendix D. One column
on this list indicates whather or not the run resulted in a test data point in the final plots of SO,
removal efficiency as a function of Ca/S stoichiometry. If the test was not used, there is an
aexplanation in the comments column. The column entitled " # of Ten Min Averages in Test” shows
how many ten minute averages ware used for the data point. This is the time the system was at
steady-state, and does not include the time needed to zero the system or t0 reach steady-state
conditions.
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SECTION 6
EMISSIONS RESULTS

The highest furnace S0, removals measured during the LIMB Extension, on the order of 60
percent with minimal humidification and a 2.0 Ca/S stoichiometry, occurred when calcitic hydrated
lime was used as the sorbent. Littie, if any, difference in reactivity appeared betwesen the ligno
lime and the normal commercial material, unlike observations made during the EPA project when
the former performed better. Dolomitic lime resulted in about 50 percent removal, and caicitic
limestone 20 to 40 percent depending upon the particle size, under the same conditions. These
removal efficiencies increase by approximately 10 percent absclute when the flue gas is saturated
to within a 20°F approach to the adiabatic saturation temperature. The degree of SO, removal
depends to a lesser extent on such factors as the inlet SO, concentration and the exact
temperature within the sulfation temperature window (injection lavel). The B&W DRB-XCL™
burners continued to provide NO, emissions on the order of 0.45 1b/10° Btu. Attempts were made
during the LIMB Extension to identify the causes of variations first noticed during the EPA
demonstration. Particulate emissions, as judged from the continuous opacity measurement,
continued to remain at low (2 to 5 percent) levels when an appropriate degree of humidification
was employed. Usually, this meant maintaining a humidifier outlet temperature of 250 to 275°F.
Leading into the discussion of the test resuits, the three subsections immediately following describe
details of data acquisition and reduction pertaining to the individual emission results.

S0, DATA

Tests were run in accordance with the procedures and practices outlined in the last section,
All the data collected by the System 140 were stored on both a hard disk and magnetic tape as
10 min averages. Once each wesk selected data were copied from the hard disk onto a 5.25 in
floppy disk to facilitate reduction and analysis. Each floppy disk is capable of holding seven days’
worth of 10 min averages for twenty separate variables. At least five, and many times six, of
these floppies were collected each week. These contained what was considered to be the more
important of the approximately 1300 input and calculated parameters. Once every thirty days a
new magnaetic tape had to be installed, with the full tape being copied and stored.

The data on the floppy disks were converted to a format in which they could be
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manipulated on a computer spreadshest (Table 1 is a partial example of the end result). The data
are screened to reject values of -9999 automatically inserted by the System 140™when instrument

ware out of service (e.g., during purge of the CEMS gas conditioner). At the same time any other
obviousiy erroneous data is also rejected. The data are then broken down into specific periods
representing the desired zero and test conditions, as is indicated in the first column of Table 1. In
the process, other critical data, such as coai and sorbent feed rates and humidifier outlet
temperature, are examined to determine if they have remained constant throughout the potential
test period. If so, then the average and standard deviation is determined for the zero and test
periods. The average SO, removal for the zero period is subtracted from that of the test period to
vield the corrected system SO, removal for the average Ca/S stoichiometry of the test period.

The plots of SO, removal efficiency as a function of stoichiometry are then constructed
from the averaged data for the various conditions. These include curves for the different
combinations of coal and sorbent, injection at specific elevations, and humidifier outlet
tamperatures. A curve-fitting algorithm incorporating a standard least squares approach was used
to compare the stoichiometry/removal efficiency data. The comparative figures displayed
throughout this report show the first order fit of the data over the range of stoichiometries tested.
Each fit was forced through zero percent SO, removal for the baseline condition. A second order
fit with a diminishing increase in remaval would be expected to describe the depsndency more
appropriately at higher stoichiomatries. Its use, however, produced erroneously shaped curves in
cases where a relatively small number of individual tests were performed. The first and second
order fits indicated a difference of only a couple of percentage points at a stoichiometry of 2.0 for
some cases where sufficient data points existed to make a comparison., Since this diffarence is
well within the uncertainty interval, the first order plots are considered to be a reasonably accurate
representation for comparisons made in this report. Individual points are shown in some of the
graphs to provide the reader with a visual perception of the data fit. For others, only the curve-fit
ines are presented to facilitate comparisons that would otherwise tend to be cbscured by all the
data points.

NO, DATA

NO, data was continuously collected by the System 140™ throughout the demonstration

period, the only intentional interruptions being for analyzer calibrations and CEMS gas conditioner
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purge. With the exception of minor interruptions, the combined loss of only about five days’ data
was the result of four instrument failures throughout the entire LIMB Extension. As described
above, the data were downloaded onto floppy disks once each week and screened as were the S0,
data. Because data taken during the EPA LIMB Demonstration appeared to show some variations
that might be controllable, attempts were made to correlate NO, emissions with certain parameters.
These included the independent variables of boiler load, percent oxygen in the flue gas,
puiverizers/burners in service, and coal fineness. Even the potential correspondence with another
dependent variable, CO emissions, was also explored. Unfortunately, no consistent correlation
could be found.

The NO, data were subsequently further reduced by compiling weighted hourly and daily
averages which waere then used to calculate 24 hr and 30 day rolling averages. This was done
because regulatory agencies commonly require NO, emission data in these terms. The weighting

factor used was the coal firing rate.

PARTICULATE DATA

Ohio Edison’s continuous monitor provided the opacity data collected by the System 140™.
The data were treated in much the same way as the SO, and NO,, with a daily calibration as the
only regular interruption. Unweighted averages are used in the comparisons made later in this
section. The opacity is regarded as a reasonable comparative indication of particulate emissions
associated with the LIMB process, although much longer runs at steady-state conditions would

have been required to define ESP performance more precisely.
TESTING

The LIMB Extension tests began in April 1990 with ligno lime being injected while burning
3.0 weight percent sulfur coal. This combination had been studied during the EPA project. These
first few tests with this coal/sorbent combination confirmed equivalent system operation after the
switch back to furnace injection from the Coolside duct injection configuration. The LIMB
Extension tests ran through August 1991, with 289 tests being attempted.

Of the 289 tests {Appendix D}, 224 provided the data plotted in the SO, removal vs. Ca/S
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stoichiometry curves that foilow. Significant variation in coal sulfur content, changes in boiler
operation, and mechanical malfunctions were the three most common reasons for aborting or
otherwise not using test data. The comments column in Appendix D provides the general reason
for not utilizing any given tast’s data. For reduction and analysis of tha longer term NO, and
opacity data, only analyzer malfunctions caused data to be ignored.

The least number of points used for any one test were three ten-minute averages, the most,
71 ten-minute averages. These numbers do not reflect the time required to "zero® the SO,
removal, begin sorbent injection, and reach steady-state. When these factors are added in, no test

was less than two hours in duration. The average test was over three hours long.
COAL-SORBENT COMBINATIONS

The number of tests attempted and eventually used for the SO,/stoichiometry plots are
outlined in Table 3 for the various coal/sorbent combinations presented later in this section. There
ware faewer tests with the two finer limestanes. Limited testing with these sorbents was
undertaken only after the remaval efficiencies obtained while injecting the more coarse mataerial
waere less than expected. As noted earlier, the coal/sorbent combination of 3.8 percent sulfur and
limestone was not attempted due to the difficulty projected in maintaining compliance with the
plant's 30-day rolling average SO, emission limit of 3.4 1b/10° Btu.

Calcitic Hydrated Lime 10 14 EPA 16 [ ]

Liono Lima ‘ 43 34 18! s! 23 23

Dolomitic Hydrated Lime a5 20 1] 33 28 24
Limestons BO% < 44zm i1 12 20 20 Nt}
Limastons 100% < 444m " 15 NPt NP

Limagtorns 100% < 104m 4 4 NE NP

* Tests were run during the EPA aponsored demonstration.

T Tests wers run 10 contirm aystam parfarmancs sfter the switch back to furnace injection from duct injection.

f NT « Not tested dus to projected difficulty in maintewsng complisnce with the plant’s emission limit of 3.4 16/10° Buu,
" NP = Not plannad.
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The total amounts of each coal and sorbent used during the LIMB Demonstration are shown
in Table 4. The numbers are presented to provide the reader with some idea of the magnitude of
the effort on each of the combinations. However, because usages wers frequently biased in one
way or another for the purposes of the demonstration, the figures should not be used to infer
average rates of consumption or stoichiometry. As might be expected, the quantity of dolomitic
lime was the greatest due both to its unreactive magnesium component and the fact that fuil tests
were run with all three coals. Prior EPA tests reduced the amounts of the commercial calcitic and

ligno lime that had to be tested.

Tests with the calcitic limestone were limited to those with the 1.8 and 3.0 percent sulfur
coal due to the lower removal efficiency obtained. As noted earlier, the two finer grinds of
limestone were tested in reduced quantities to explore the effect of particle size differences. Only
two truckioads of the finest limestone, loaded directly into an empty feed silo, were injected.
While its use was considered important to define a limiting condition, longer term tests were not
warranted. This is due to the fact that current processing techniques make the cost of this
material about quadruple that of either of the two more coarse sizes tested.

TABLE 4. APPROXIMATE COAL AND SORBENT USAGE DURING THE DEMONSTRATION
T e S N =TT

1o%8Ces JOXSCosl IDNICodl

Material ton ton ton
Ced - DOE 170,578 44,359 m,147
- BPA , NA 132,727 NA
Calcitic Hydrated Lime - DOE 800 0 L1
- EPA 400! 4884 o
Ligno Lime - DOE 80 100 800
- EPA o 148 0
Delemitic Hydrated Lime 1832 1800 1800
Limagtors $0% < 4dpm " %00 o
Limestens 100% < 44pm 264 o °
Lirvastens 100% < 10sm 20 0 0

* NA = Not available; 1.8 peroart sulfur coal usage was primarily that during
start-up/shakadown for the EPA tests.

T Vary rough estimate for start-up/shekedown with the lower sulfur cosl, though the tetal
of 7264 1on used ovar the whole EPA LIMB Demonatration is accurats.
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Table 5 contains typical analyses of the sorbents used. Samples were collected
downstream of the differential weight loss feeders. An American Society for Testing and Materials
(ASTM,) titrimetric procedure for the determination of available lime was used for the commercial
calcitic and ligno limes. The CaCO0, content of the limestones was likewise determined
titrimetricaliy. The analysis in the table includes the results for all three size distributions.
Dolomitic lime samples were analyzed for both calcium and magnesium by atomic absorption
spectrophotometry since it was not known how much variability might occur for each element.
The caicium value was converted to equivalent Ca(OH),. As can be seen, the quality of the
sorbents did not fluctuate appreciably.

Particle size distributions were determined for the various sorbents during the project.
Figures 17 to 22 present plots of these distributions. All the limes were much finer than the two
more coarse limestones. The size distribution of the finest grind of limestone, however,
approached that of the limes, and is thought to be at least partly responsible for its greater
reactivity. Those of the two finer limestones compare well with the distributions given in the
supplier’s literature.

TABLE 6. TYPICAL SORBENT ANALYSES

Sorbent Time Period CalOH|,, wt % Co,wi % Mg, wt % CaCQ, wit %
Caloitic 07/00/81 Average 84.72 NA' NA NA
Hydrated Lime to Seanderd Devistion x 2 1.78

0B/ Number of Analyess ¥
{igno Lime a3113M Avarage .21 NA NA NA

to Starciard Deviation x 2 1.20

as/24m Numnber of Analyess 13
Dolormitic ONI24/90 Avarage NA 34,17 10.78 NA
Hydrated Lima to Stendard Devistion x 2 0.03 2,22

11/12/90 Number of Analyses 18 1]
Calcitic Limestors 06/3190 Average NA NA NA 90,01

" NA = Not analyzed.
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Figure 17. Typical particle size distribution of calcitic hydrated lime
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As briefly described in Section 5, the variability of the coal sulfur content generally
decreased between the truck and bunker sampling points, and again between the bunker and the
burner coal pipe. This improved variability is attributed to the mixing that occurs as the coal is
prograssively moved through the yard and bunker, and eventually in the pulverizer just before
entering the burner. In addition, the coal sulfur content itself drops between the bunker and the
burner pipe sampling locations {one on the discharge of each pulverizer with an analysis of a
composite sample being the norm). This is believed to be due primarily to the effectiveness of the
pyrite traps that are part of the B&W "E" pulverizer design. The automatic samplers installed on
the burner pipes were specifically placed in that location so that the samples would reflect the “as-
burned® condition, rather than just what was loaded to the bunker. These trends are evident in
analyses provided in Tables 6, 7, and 8 for the truck, bunker, and burner pipe samples,
respectively. Table 9 similarly provides the data demonstrating the agreement in sulfur content
between the CTECo analyses of burner pipe samples and those determined on site using the Leco
analyzer.

SO, REMOVAL EFFICIENCY

The constant supply of sorbents and coals of known quality was essential to the project
goal of demonstrating the generic applicability of the LIMB process. The experimental effort
focused on quantifying the effects of the primary parameters to be considered by a utility
contemplating use of the technology. These included ceal sulfur content, type of sorbent,
limestone particle size, injection level, and flue gas humidification. Since the degree of SO;
removal desired might easily span a fairly broad range depending on the wtility’s overall compliance
strategy, all were characterized over a range of Ca/S motlar ratios.

As noted at the beginning of this section, a second order correlation between removal
efficiency and stoichiometry probably best describas the overall result of a diminishing increase in
removal as stoichiometry increases. Although much more sophisticated mode!s®* more properly
describe the interrelated kinetics of the simultaneous caicination, sintering, and sulfation reactions
taking place, the second order correlation might be thought of as representing a simpler contracting
sphere or cube model that corresponds to a reacting sorbent particle whose surface gradually
becomes coated with the reaction product. Diffusion of an increasingly lower concentration of SO,
through the product layer and into the inner pores of the sorbent leads to an apparent lower
reactivity of the sorbent overall. For the reasons described earlier: however, first order fits are
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comparatively unreactive sorbent. Perhaps this reflacted a lower sensitivity of this sorbent to the

S0, concentration, though experimental error may just as readily be used to explain the observed

rasuits.
Sorbent Choice

The differences in reactivity obtained during the LIMB Extension are represented in Figures
28, 29, and 30 for injection of the various sorbents at elevation 181 while using the 3.8, 3.0, and
1.6 percent sulfur coals, respectively. Ligno lime had shown itself to be the most reactive sorbent
during the EPA test program. During the LIMB Extension, commercial calcitic hydrated lime
performed equally well, followed by type-“N" dolomitic hydrated lime. Limestone yielded the
iowest removal, though more finely pulverized material increased removal as will be described in
the next subsection.

Table 10 lists the SO, removals for each of the major types of sorbent under the specific
conditions of injection at a Ca/S ratio of 2.0 at the 181 ft plant elevation, and with minimal
humidification. The values obtained for the commaercial calcitic hydrated and ligno limes during the
EPA LIMB Demonstration while burning a 3.0 percent sulfur coal are included. Examination of the
values in this table suggests that, with all else being equal, the use of dolomitic lime results in
roughly six or seven percent (absolute) lower removal than when calcitic lime is injected.
Limestone is even less effective with approximately 30 percent (absolute) lower removal. The
values in the table also make it evident that the increase in coal suifur from 1.6 to 3.0, and from
3.0 to 3.8, percent resuited in a three to four percent {absolute) increase in removal with each
step.

TABLE 10, S0, REMOVAL EFFICIENCIES FOR INJECTION AT 181 #t LEVEL AT A 2.0 Co/S RATIO WITH MINIMAL HUMIDIRCATION

‘Nominal Cosl Suttur Gontent, wt % /6 -

Sorbent 3.8 3.0 dh / /(/‘95.
__. Liono Lime a1 83" €3
T - ,‘ B —
Commercial Calcitic Lime - L L 51

* Determined during the EPA LIMB Damonstration.
T NT « Not tested.
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The 3.0 percent sulfur coalfligno lime combination was run sarly during the LIMB Extension
to verify system performance when the equipment was returned to a configuration for furnace
injaction following the Coolside duct injection tests. The runs made indicated performance on the
order of 60 to 65 percent at a stoichiometry of 2.0. Since this was quite comparable to that found
during the EPA LIMB Demonstration, testing of the 3.0 percent sulfur/limestone combination began
soon thaereafter in May 1390. Ligno lime was not used again unti{ February 1391 when tests were
conducted while burning the 1.6 percent sulfur coal. By this time, the lower sulfur coal was
expected to produce a reduced removal efficiency, though the 53 percent obtained was somewhat
less than expected. Potential reasons for tha differences were investigated, but none were
identified. Subsequent tests with the 3.8 percent sulfur coal at the 2.0 stoichiometry yielded about
61 percent SO, removal, several percent Jower than might otherwise have been expected.

There are severai possible explanations for the apparent difference in performance of the
ligno lime between the LIMB Demonstration and the LIMB Extension, none of which have been
proven. They are described here because some are already the subjsct of on-going research, while
others might be explored in the future. One possible reason is that there were subtle changes in
porosity and/or surface area of the sorbent, both of which are known to be quite important in
reaction kinetics. Another may be that the lower efficiency was related to a variation in the
calcium lignosulfonate used to prepare the ligno lime. Variations in composition and/or
concentration may have altered its intended effect. No readily implemented analytical techniques
have been developed for either the raw material or for determining its actual concentration in a lime
sample. There was no substantial difference evident in the chemical analyses or particle size
distributions of the sorbent samples taken during this period.

A third possible explanation for the lower-than-expected SO, removal with the ligno lime is
mechanical in nature. The tests run while burning the 3.8 and 1.6 percent sulfur coals were
completed using the solids pump installed downstream of the feeders. The tests run while burning
the 3.0 sulfur coal were completed using the original rotary valve configuration downstream of the
feaders. It is envisioned that the solids pump would have a greater tendency to aggiomerate the
lime physically. Since there was no opportunity to try to observe a similar effect with the other
limes, this question remains unresolved. One final explanation is simply that the relatively small
number of tests during the original demonstration produced an average that would have been a few
percentage points lower had more tests been run. This could only have been answered definitively

at the time of the original demonstration.
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Tests with a commaercial, pulverized, calcitic limestone as the sorbent were first run in May
1990, The material used at the time had a particle size distribution such that 80 weight percent
was less than 44 m (325 maesh; Figure 20). This stone had been chosen because it was
representative of readily available material from commercial suppliers, and was similar to what
some utilities have used in wet FGD applications. SO, removal efficiencies on the order of 22
percent were obtained while injecting this sorbent at a stoichiometry of 2.0, and burning 1.6
percent sulfur coal. Although pilot plant studies had produced a fairly broad band of efficiencies, a
reduction of approximately 35 percent had been expected.>* The reason was not readily apparent
at the time since there were any of a numbaer of differences among the various pilot studies and the
full-scale unit which could have produced the effect either individually or in combination with each
other.

Of the various parameters which might have caused the low removal with limestone, only a
significant change in particle size distribution was considered worth trying at full scale because of
its inherent simplicity. The opportunity to test a finer grind of limestone occurred in January 1991.
A pulverized limestone with 100 weight percent of the particles less than 44um {325 mash;

Figure 21} generated removal efficiencies of approximately 32 percent at a stoichiometry of 2.0.
This indication of the importance of size on SO, removal efficiency led to the selection of an even
finer material for further tests.

The sorbent selected was one for which the size distribution showed virtuaily all particles to
be lags than 10um (Figure 22}. For this limestane, the removal efficiency was about 40 parcent for
the conditions specified above. The relationships between Ca/S stoichiometry and SO, reduction
for each of the different grinds of limestone are presented in Figure 31 and clearly show how the
finer materials improve efficiency. This increased removal is attributed in part to the greater
surface area available as the size decreases. It is noted that the finest grind of limestone is almost
as fine as any of the lime sorbents tested (Figures 17 to 19}, indicating that the reactivity of the
limes is not due to particle size alone, even though they produce a calcine of the same chemical

formula. A reduced tendency of the limes toward sintering has been suggested as the reason.?-?!
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All limestones used were obtained in truckload quantities, with the two more coarse
materials being approximately equal in cost. The very fine material was the finest found available
in this large a quantity. This fine a limestone, howevar, may not be considered a viable alternative
for LIMB application at this time. lts cost, on a truckload basis, is on the order of four times that of
the other two. Long term contracts for larger quantities may make the economics more

competitive, though the gap is considered substantial at present.
Injecti vel

A preface to this subsection on the effect of injection level is necessary, as the effect is
really due to the combined effects of differences in temperature and in the degree of mixing and
dispersion of sorbent within the flue gas. Since neither could be rigorously quantified on a routine
basis in the full-scale unit, a short review of issues considered during the original design phase of
the EPA project provides some insight worth remembering during thé discussion of the results.

The fact that pilot studies had all shown the existence of a suifation temperature window
of approximately 2300 to 1600°F for the various sorbents was fundamental to the design of the
LIMB system. Temperature and flue gas velocity measurements at full load in the Edgewater boiler
indicated that the window roughly corresponded to that area of the upper furnace between the
nose and the secondary superheater. In addition, the complex gas flow patterns that result as the
gas passes the nose into the upper furnace cavity, while at the same time cooling as it turns to
enter the convective pass, were all taken into account. To a lesser extent, operation at lower
loads, changes in excess air, and/or placing specific burners in service were also recognized as
having potential effacts on temperatures and mixing.

The final dasign included provision for injection ports located at the three plant elevations of
181, 187, and 191 # as shown in Figure 5, with glevation 181 ft corresponding to the upper end
of the sulfation temperature window at full load. The iower two levels were initially recommended,
with the ports at elevation 191 ft added in light of concern that a lower temperature might still be
desirable, even though mixing and dispersion were more difficult to achieve at this lavel. Longer
residence times were thought to compensate for lower temperatures associated with either
operation at lower loads or injection at the uppermost elevation. While it was impractical to
measure the actual temperatures at the upper two locations, a drop of approximately 200°F in the

average temperature was estimated across each of the two gaps between elevations.
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In order to make the installed system at least somewhat adjustable to the conditions that
would be encounterad, the injection nozzles were designed for manual tilting through a 30° arc.
Howaever, tests during the EPA LIMB Demonstration revealed that the tilting feature did not lead to
any significant changes in the performance realized. For this reason, no tests were conducted
during the LIMB Extension on the effects of nozzle tilt.

in comparison to the LIMB Extension, tha relatively small amount of data obtained during
the EPA LIMB Demonstration tests had shown that injection at elevation 181 ft resulted in greater
50, removal than that achieved at elevation 187 ft. Although the same general assessment is
derived from the more extensive data obtained for the limes in this project, the evidence is not
regarded to be as conclusive as originally had been anticipated for the reasons described above.
Moragver, the results with the limestone perhaps show that the middle elevation is favored for that
sorbent.

The first series of tests at the three injection elevations during the LIMB Extension wera
conducted with coarse limestone sorbent and 3.0 percent sulfur coal (Figure 32). These tests
appeared to show that injecting at elevation 187 ft produced the highest removal, elevation 191 ft
the lowest, and 181 ft an intermediate value. This was not unexpected in light of the pilot tests
that showed limestone to be more prone to sintering. Subsequent tests while burning 1.6 percent
sulfur coal indicated comparable resuits at elevations 181 and 191 ft (Figure 33}. Unfortunately,
circumstances required that the tests move on to dolomitic lime before tests with limestone couid
be conducted at elevation 187 ft. At the time this was not a concern, since it was thought that
there would be another opportunity to test this condition. The later decision not to pursue tests
with the coarse limestone because of its overall low reactivity leaves one with the conclusion from
the one set of tests with the 3.0 percent sulfur coal indicating that the 187 ft elevation was
optimal. Nevertheiess, experience with the other sorbents, as described below, suggests that this

conclusion be considered subject to further investigation.

As the tests with the limes were in progress, differences among the alevations, particularly
between elevations 181 and 187 ft, were not immediately obvious, though removals achieved from
injection at elevation 191 ft aiways appeared lower. Once all the data were plotted, however, the
~ general trend pointed to slightly, though consistently, higher removals for injection at elevation
181 ft (Figures 34 to 38) when compared to that at elevation 187 ft. The only exception to this
appears in Figure 34 for dolomitic lime injection while burning the 3.0 percent sulfur coal. The
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Figure 32. Effect of injection level on S0, removal while burning 3.0 weight percent sulfur coal
and injecting coarse hmestone
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Figure 33. Effect of injection level on SO, removal while burning 1.6 weight percent suifur coal
and injecting coarse fimestone
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Figure 34. Effect of injection level on SO, removal while burning 3.0 weight percent suifur coal
and injecting dolomitic lime )
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Figure 35. Effect of injection ievel on SO, removal while burning 1.6 weight percent suifur coal
and injecting dolomitic lime
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Figure 36. Effect of injection level on SO, removal while burning 3.8 we:ght percent sulfur coal
and injecting dolomitic lime
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Figure 37. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal
and injecting ligno lime
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Figure 38. Effect of injection level on SO, removal while burning 1.6 weight percent sulfur coal

and injecting calcitic ime
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differences in removal between the two levels are regarded as real, though probably insignificant
when compared to the difference between either and that obtained at elevation 191 ft. At this
elevation, temperatures several hundred degrees cooler and flue gas flow patterns unfavorable for
adequate dispersion of the sorbent combine to result in decreased SO, removal efficiency.

Beyond this, the relative importance of the individual variables that constitute “injection level™
cannot be determined from the data at hand.

Hymidificati

The installation of the humidification chamber capable of achieving a 20°F approach to the
adiabatic saturation temperature of the flue gas provided the opportunity to enhance SO, removal
of the LIMB system and to permit demonstration of the Coolside process. Since the flue gas
saturation temperature for the coals used during the LIMB Extension was approximately 125°F,
"close approach™ operation typically meant controlling the humidifier outlet (ESP inlet} flue gas
temperature at approximately 145°F. The humidifier was also frequently run in a "minimal
humidification® mode where the outlet temperature was usually set in the 250 to 275°F range,

depending on the identity and feed rate of the sorbent, as required to maintain ESP performance.

Close approach tests were run with the majority of the coal/sorbent combinations tested.
The most extensive tests were run using the ligno lime sorbent injected at the 181 ft elevation
while burning 1.6 percent sulfur coal. Figure 39 presents the stoichiometry/SO, removal data
obtained at close approach with comparable results with minimal humidification. These plots give
rise to an approximate 17 percent absolute increase in SO, removal efficiency at a stoichiometry of
2.0. Similarly derived summary data for all the tests run are presented in Tabie 11 which shows
the incraase in efficiency predicted at that common reference condition for all the coal/sorbent
combinations tested at close approach. As a result of the statistical nature of the reduction, the
values in this table perhaps represent a somewhat broader range than might otherwise be
expected. In actual practice the loss of enhancement realized by simply closing the valve to reduce
humidification water flow, typically resulted in the immediate loss of about 10 percent in removal
efficiency for most of the conditions tested. About the same performance was observed during the

original EPA demonstration.
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Figure 39. Effect of humidification on SO, removal
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TABLE 11. INCREASE IN ABSOLUTE 8O, REMOVAL EFFICIENCY POSSIBLE WITH HUMIDIFICATION TO CLOSE APPROACH TO SATURATION'
St S S e A T S e n

Nominal Coal Sulfur, wt %

Sorbent 1.8 3.0 38
Caicitic Hydrated Lime NT! 10! NT
Ligna Lime 17 ? 10
Dolomitic Hydrated Lime 17 10 NT
Limestons [B0% «< 4dzm) 7 NT NT

" Sorbent injection st elevation 181 ft et 8 Ca/S ratio of 2.0.
T NT « Not teered,
¥ Dutermined during the EPA LIMB Demonstretion,

NO, EMISSION CONTROL

During the LIMB Extension, plant personnel operated the B&W DRB-XCL™ burners in the
same manner as would be typical at any commaercial facility. The twelve burners instalied replaced
circular burners that produced NO, emissions of 0.79 to 0.94 1b/10° Btu at full load during baseline
tests conducted in 1986 for the original LIMB Demonstration.' As was the case during that
project, the NO, and O, analyzers in the CEMS provided the concentrations of these gases that
were ysed to convert the emissions to a Ib/10° Btu basis as described in Section 5.

Close to the 0.48 Ib/10® Btu NO, emission average observed during the original LIMB
Demonstration, the overall average value of 0.43 1b/10° Btu continued to surpass the original
performance goal of 0.5 Ib/10® Btu. This simple average represents the whole range of boiler
operating conditions during the entire LIMB Extension. As was true in the earlier work, no evidence
could be found that sorbent injection had any effect on NO, emissions. More detailed evaluations
took the form both of weighted averaging of all this data and of attempts to correlate some

specific, shorter tarm NO, emission variations with operational paramaeters.

As a weighted rollihg average is commeonty required for compliance reporting, both 24-hour
and 30-day averages were calculated from the individual 10-minute averages stored in the System
140™. Coal firing rate was used as the weighting factor. A series of graphs present the
progression from the individual 10-minute averages used as "raw" data from the CEMS (Figure 40},
through the 24-hour weighted rolling average {Figure 41), to the 30-day weighted rolling average
(Figure 42). {(While the weighted rolling averages are plotted for the entire LIMB Extension period,
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Figure 40. 10 min average DRB-XCL™ burner NO, emissions, April 13, 1991 to

August 30, 1991
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Figure 41. 24 hr Rolling average DRB-XCL™ burner NO, emissions, August 15, 1990 to

August 30, 1991
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Figure 42. 30 day Rolling average DRB-XCL™ burner NO, emissions, August 15, 1990 to
August 30, 1981
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computer mamory limitations made it impossible to place all of the individual 10-minute averages in
one graph. The April to August 1991 shown is representative of the data from earlier operation.)
Both the 24-hour and 30-day weighted rolling averages determined during the Extension
themselves averaged 0.44 lb/10® Btu. These compare to values of 0.47 and 0.49 Ib/10° Btu,

respectively, found during the original demonstration.

During the EPA LIMB Demonstration, there appeared to be somewhat regular variations in
the individual NO, emissions that suggested further reduction might ba possible if the controlling
variable could be identified. Pilot tests of an individual burner have typically shown that NO,
emissions vary with load and excess combustion air, as reflected in flue gas O, concentration. At
the time of the original demonstration, the stack emission resulting from the array of DRB-XCL™
burners appeared to be insensitive to these two operating factors. There was, however, some
variation within the scatter that suggested control might be possible if the cause could be
determined. Such variation continued during the LIMB Extension and provided an opportunity to
explore potential sources with much more data. This took the form of attempts to correlate NO,
emissions, not only with load and flue gas O, concentration, but also with the identity of
pulverizers/burners in service, coal fineness, and even what can be a related dependent variable,
carbon monoxide (CO) emissions. Unfortunately, no consistent relationship could be found

between NO, emissians and any of these variables.
PARTICULATE EMISSION CONTROL

As was found early in the EPA LIMB Demonstration, sorbent injection can dramatically
affect particulate emission control by an ESP for three reasons. These include the increased
particulate loading caused by the sarbent introduced, the finer size of this material, and the higher
resistivity of the resultant ash. All three factors tend to degrade ESP performance.'® Although the
large (612 ft*/10° ACFM) SCA of the ESP had been expected to permit adequate performance and
meet emissions and opacity requirements, such was not the case in the first trials in September
1987, primarily because the high resistivity of the LIMB ash gave rise to a back corona condition
which rendered the ESP virtually incapable of dust collection. Fortunately, planning for
humidification had already begun and included a realization of the potential benefits for ESP

performance.
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During the balance of the EPA project and continuing into the DOE LIMB Extension,
humidification of the flue gas proved to be a very effective method of maintaining ESP
performance. Opacity was generally in the one to three parcent range during injection of each of
the sorbents, similar to what had been observed during the EPA project. Only two differences
were noted, the first being that the calcitic limestone did not seem to require as much
humidification. This is thought to be due either to its larger particle size making particulate
coilection easier, and/or to the fact that the cooler air heater outlet flue gas temperature required
relatively little humidification water to maintain the temperature of the gas entering the ESP. The
second difference was noted when the injection of dolomitic lime seemed to require a somewhat
lower humidifier outlet temperature setpoint {250°F vs. 275°F) to maintain the desired opacity.
This was thought to be due at least in part to the higher particulate loading associated with this

sorbent for an equivalent Ca/S stoichiometry.

Particulate emission control was continuously monitored during the LIMB Extension by the
opacity monitor located between the ID fan downstream of the ESP and the stack. The System
140™ took a signal from this monitor once a minute in the same way as it did other signals from
the CEMS. When used for actual compliance purposes by Ohio Edison, much more frequent
readings are required. Nevertheless, the large number of individual data collected, representing the
full range of boiler operating conditions, are considered to be at least a semiquantitative indication
of the particulate emission control realized during LIMB operation, especially when compared to

similarly-gathered opacity measurements taken when no sorbent injection was taking place.

There were several reasons for relying on opacity measurements to characterize particulate
emission control. One of these is that ESP technology is regarded as a mature technology for
which the effects of changing the independent variables are well established. Another is that the
costs of maintaining steady-state conditions for the one to two weeks required to develop truly
meaningful data became prohibitive. This was particularly true when viewed against the emphasis
on characterizing the SO, removal with much more frequent change in operating conditions.
Continuous opacity data was considered to be a reasonable alternative as an indicator of the
general impact of the technology on particulate emissions.

Table 12 summarizes the results obtained from averaging the opacity values over
reprasentative pariods of the project, both with and without sorbent injection. The average opacity
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indicated is the average of all the ten-minute averages scanned over the designated time periods,
both when sorbent was being injectad and when it was not. As can be seen, sorbent injection
appears to have no effect on opacity. This, of course, is intimately related to an appropriate
degree of flue gas humidification, espacially when the lime sorbents were in use.

Perhaps the most important data in the table are the maximum ten-minute average values
for each of the periods of sorbent use and non-use., These data, along with the average values,
suggest that there was little difference batween the two in opacity, and therefore particulate
emissions, over both short and extended periods of time. Compliance under normal operating
conditions requires that a six-minute average opacity value be less than 20 percent, although
higher values can be permitted under certain transient conditions such as occur during start-up and
pulverizers going in and out of service {trips). As can be seen in the table, the number of instances
of high opacity is extremely low relative to the number of averages included. The single highest
ten-minute average recorded during sorbent injection within these periods was 12.27 percent while
ligno lime was in use. Even this value may not be totally associated with injection, since the
opacity monitor does not distinguish among types of particulate. Of the seven occurrences when
the ten-minute average value exceeded 10 percent opacity, including the two over 20 percent, all

ware associated with three instances of a pulverizer coming on-line.

TABLE 12. OPACITY WHILE INJECTING DIFFERENT SORBENTS

M mocirmam
Tirme Periad Stardard Number of Number of Ten-minute Ter-rminuts
[Fult days withaut Average Davistion Torrrmwaste Avergges with Opacity Aversge
Sorbent date within peried]” Insction Opacity, % x2 Averages >10 % >20 % Opacity, %
Caleitic Hydretad Lirme 07.00/81 - D8/28/81 On .87 .. EE ]} o 0 3.82
1201 on 1.27 2.01 1978 ] ¢ “« 00
Ligne Lime 03/22/91 - 0B/20/81 on 1.26 2.04 1618 2 -] 12.27
1391 on 1.78 2.98 1417 [ ] 2 26.24
Dolomitic Hydrated Lime 00/20/90 - 1007180 Oon 2.00 1.92 428 -] 1] 602
1N on an 2.51 2208 Q Q G.08
Limestone {80% < 44pm) 00/20/80 - 070880 Oon 1.4 0.88 403 ] 0 7.8
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SECTION 7
OPERATING RESULTS

The sorbent injection and humidification equipment operated throughout the LIMB Extension
without any major problems, though the use of previously untested sorbents and/or more extensive
tests did have notable effects on plant operations. Injection of large quantities of the lime sorbents
continued to cause elevated temperatures at the air heater outlet. When the more coarse limestone
was being injected, the increase in air heater temperatures was negligible. At equivalent
stoichiometries, the higher proportion of quicklime in the ash produced by the limestone sorbents
caused more steam to be produced at the ash unloading facility than did the lime sorbents.
Dolomitic lime could require larger storage and transfer capacities, due to the unreactive MgQ
component that must be handled during delivery, use, and ash unloading. Each of these aspects

are discussed more completely in the following subsections.

FURNACE

The greatest impact of sorbent injection into the furnace is decreased heat transfer caused
by increased ash build-up on convective tube surfaces. The matsrial that does accumulate is easily
removad by sootblowing. Limitations arise, however, when the sootblowing system is unable to
handie the increased ash loading caused by sorbent injection. The system’s inability to handle this
increased loading can be related to inadequate coverage of affected tube areas, and/or to
insufficient capacity of the system for the frequency of blows necessary to keep the tubes clean.

The original sootblowing system on the Unit 4 boiler at the Edgewater Station used
compressed air as the blowing medium. For the EPA LIMB Demonstration, analysis of the
sootblower system led to the decision to install four new steam sootblowers near the reheat and
primary superheat banks of the convective pass. Other areas appeared to be well covered.

Despite these additions, air heater outlet temperatures consistently ran in the 350°F range while
lime sorbents were being injected at the higher stoichiometries. Because the sootblowers had to
operate in an aimost continuous cycle to maintain this temperature, it was concluded that capacity,
rather than location, was the more important limiting factor of the compressed air system .

in light of the apparent capacity limitation of the existing system, all but the four air heater
sootblowers were converted to steam before beginning the LIMB Extension project. The air-to-
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steam conversion was done in an effort to maintain a more normal air heater outlet temperature of
about 300°F. These sootblowers had a design requirement of 5,700 Ib/hr of steam if operated in a
continuous sequence. Actual steam consumption would vary depending upon the degree of
sootblowing required which, in turn, varied with load, sorbant feed rate, sorbent type, and other
considarations not readily quantified, most of which had to do with operator preferences regarding
what was required for the overall safe and efficient operation of the boiler . After the conversion,
the sootblowers could be cycled five to six times a shift, where previously it had been once or
twice per shift with the compressed air system. Unfortunately, the air heater outlet temperature
remained well above 300°F whenever the lime sorbents were injected at Ca/S ratios greater than
about 1.5. As a result, future LIMB appiications should address even more thoroughly both the
capacity and effective coverage of the existing or expanded sootblower system to be used.

As noted eariier, injection of the more coarse limestone sorbent had almost no effect on the
air heater outlet temperature. It typically remained near 300°F, even when the higher
stoichiometries were employed. Attempts to uncover why this was the case have been
unsuccessful, Since there was perhaps some evidence of increasing temperatures in the
convective pass while the very fine limestone was being injectad, some sort of particle size effect
is suspected. No definitive conclusion is claimed, however, since only very limited amounts of this
material were used. Although a somewhat greater quantity of the fine limestone was used,

temperature increases were not readily apparent.

The tests run were designed primarily to characterize SO, removal, rather than to establish
a quantitative retationship between sorbent injection and air heater outiet temperature. To
accomplish the latter, much more stringent controls would have to have been placed on achieving
aquilibrium starting temperatures throughout the unit. In addition, a much more well-defined
sootblowing regimen, taking into account such considerations as the differences in molecular
weights and the order and frequency with which individual units blow, would have been required to
assure the use of equivalent, reproducible conditions. While desirable in theory, such criteria were

beyond practical implementation in the full-scale unit.

In spite of these difficulties, Table 13 is presented to provide at least some indication of the
upper end of the range of air heater outlet gas temperatures experienced at Edgewater. The data
are taken from tests representing each sorbent injected at elevation 181 ft at a Ca/S stoichiometry

of 2.0 while burning 1.6 percent sulfur coal. Since the highest lime feed rates were used while
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1,6.% 5 Cosl 28 %S Cool

Number of Number of

Ten-minute Ten-minuse

Sorbart Temperature Averages Temperature Aversges
Calcitic Hydrated Lime 334 4 352 ]
Ligna Lime 324 23 344 3

k3] 1

Dolemitic Hydrated Lima 370 37 378 1
mn 12
Limestons | 80% < 44um) 307 13 NT! NT
Limestorm (100% < 440m) 310 i NT NT

. Ses taxt for deacription of the eperating concitions,
T NT = Not tastad.

burning the 3.8 percent sulfur coal, temperature data are included for these conditions as waeil.
The main steam flow for the selected tests is about 600,000 Ih/hr {approximateiy 80 to 85 MWe).
The reason for this is that this was the one load for which data was available for all the sorbent
combinations with the high and low sulfur coal cases under somewhat comparable conditions.
While sootblowing was generally kept in "continuous® operation during the tests with the limes,
individual operator preferences imposed some variation on the degree of continuity employed.
Since the system capacity had been greatly increased by the conversion to steam, the high air
heater outiet temperatures suggest that the limitation of the sootblowing system was not so much
the capacity, as it was the number and location of the sootbhlowers themselves.

BOILER TUBE THICKNESS TEST RESULTS

ltrasonic Testin ription

As part of the original LIMB project, plans inciuded provision for ultrasonic testing (UT)} to
examine the effects of furnace sorbent injection and use of the low-NO, burners on the boiler’s
internal water tubes. UT is a nondestructive technique based on the transmission of sound waves
through a material and is routinely used to measure metal thickness in the industry. The increased
particulate loading presented the possibility for accelerated erosion of the tubes’ exterior surfaces,
while the tendency of the burners to form longer flames increased the potential for a less oxidizing

environment which might lead to tube corrosion on the north {rear) wall of the relatively shaliow
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furnace. The test plan therefore sought first to determine the pre-LIMB thickness of the metal
tubes in those areas of the boiler most likely 10 have the highest potential for erosion and/or
corrosion. UT was then to be repeated at the and of the LIMB program to determine abnormal

wear by comparisan with the earlier data.

The UT program began in August 1988 when scaffolding permitted extensive baseline
measurements on the furnace water-wall and convective pass tubes. In June 1989, "sky climbers™
suspended from the furnace roof were used to allow measurement of tube thicknesses only on the
furnace water-wall opposite the burners during the relatively brief outage between the EPA and
DOE projects. The specific locations for these measurements were chosen to match those of the
1986 locations as closely as possible. Finally, scaffolding installed again in October 1991 at the
conclusion of the LIMB Extension permitted the collection of more extensive UT data throughout
the boiler.

Measurements were generally made on that portion of each tube directly facing the flue gas
flow or, in the case of the furnace wall tubes, the furnace cavity. A predetermined portion of all
the tubes at any given location were chosen for measurement. Table 14 summarizes the areas of
the boiler where measurements were made during each UT period. The table also provides the
percentages of the total number of tubes tested each time.

Results and Discyssion of Tybe Thickngss Measyraments

The results obtained from the 1986, 1989, and 1991 UT programs are presented and
compared in terms of the average thicknesses determined for the various areas (Table 15) and
locations (Table 16) in the boiler. A maore detailed comparison, for example, on individual tubes, is
not warranted as it was virtually impossible to repeat readings at precisely the same, small UT
points on each of the hundreds of tubes from one test period to the next. Nevertheless, most
repeat test locations are thbught to be within a few inches of the earlier measurament(s). This is
particulariy true for the waterwall tubes where elevation measurements could be made more easily,
especially during the 1986 and 1991 test programs when scaffolding was installed throughout the
furnace.

Most of the comparisons are made on the data collected in the 1986 and 1991 tast
periods. As originally planned, the measurements were intended to provide a data base in case
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TABLE 14. BOILER TUBE ULTRASCONIC TESTING LOCATIONS AND PERCENTAGE OF TUBES TESTED

Tatal Ne, Tubes Tested, %
of Tubea at
UT Aras UT Location Lacation 1988 1909 1091
North Furnace Wall Elevation 116 #t 121 100
Elevetion 123 ft 121 100
Elevation 129 ft a2 33 17 100
Elevation 132 ft 21 33 17
Elevation 136 ft 21 33 17 100
Elgvetion 138 # 121 a3 17
Elgvation 1446 H i1 kK] 17
Elgvation 147 # 121 a3 17 100
Eavation 180 1t 12¢ n 17
Elavetion 163 1t 124 33 17 100
Elevetion 166 it 121 ] 17 100
Hevation 172 #t 2 100
Side Fumace Walle Blevation 128 ft " s 100
(East and West) Sevation 132 ft [ ;] 33
Elgvation 138 1t ] 33 100
Elevation 138 33
Elpvation 144.6 1t ”’ 3
Elevation 147 & ] 33 100
Elavation 150 ft ] 33
Bevston 153 1t L] n 100
Elevation 168 & (1] E k] 100
Eisvation 172 1t 100
South Fumnaocs Wel Blevetion 116 #t mn 100
Elevation 172 ft 1} 100
Pendart Secondery 260 in above siope 30 ] 100
Superhaster 182 in sbevs slepe 30 ] 100
48 in above slops 0 B8O
43 in above slope 3% 100
Outhet Ashaster Bank 200 in sbove siope [ 100
101 in above siope 80 [ 2+] 100
43 in above slope ]
¥ row above weld 100
Inist Rehaater Bank 31 in sbove slops [ ] &0
Horizormal Secondary 3% in trom wall ®
Superhaster 1€ in from wall 20 5O
Balow scotbiower 20 100
Primary Superhester 24 in from wall "0 [ ]
Economizer . 18 ins from west wall 50 so:
91.78 in from west wall ] so.
183.5 in from west walt 50 50
27628 in frem west wall 0 50"
304 in from west wall 0 0"
Belew st sootbiewer ] 50
60 %0

" Thickness wet siso messured st points 46% ta the left and rigitt of the GENEr PoINT fecing the gas How.
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TABLE 16. ULTRASONIC TESTING AREA AVERAGES

Avetage Tube Thickness, mil

uT Ares 1980 1089 1991 Design Tube Thickness, mil

North Furnece Wall 272 : 18" 270 14 200 = 28 266 2 27
Weet Fumace Wall 271+ 16 NT 267 £ 19 266 + 27
Eant Fumace Wall 270 + 18 NT 260 £ 29 285 = 27
South Fumnace Wil ntt NT 262 £ 24 286 = 27
Pendant Secondary Superhaster 334 2 65 NT 307 + 43 2300
Outist Rsheatar Bank 243 2 48 NT 207 = 100 =220
Iniet Rehsater Bank 226 + 17 NT NT 2203
Horizontal Sacondary 351 + 32 NT 342 2 28 2300
Superhester

Primary Suparhaster 260 » 24 NT NT 2240

Econornizer 287 2 20 NT 258+ 17 =240

° Varistion in twice the standerd deviation of the messured thickness, snd the sllowabis tolerance in the desgn thickness.
¥ NT = Not tested.

axtensive erosion/corrosion occurred. This was not the case, however, as most of the 1991
averages appear to be only slightly less than the 1986 averages. This is what might be expected
as a result of five years of additional operation.

The pracision of measuremants within a test period is lower for the convective pass UT
locations. This is true for both the baseline and concluding test periods for several reasons. The
pendant secondary superheat and reheat banks, in particular, are exposed to the highest
temperatures and pressures in this area of the boiler. Because of this, tubes in these areas are
most prone to failure, repair, and replacement. This made measurements more susceptible to
variations, since test engineers were occasionally forced to modify test locations up or down a few
inches across the planned elevations. In addition, the limited accessibility and complexity of these
tube banks generally make it more difficult to take readings in these areas.

The limitations of UT for assessing long term wear are evident when comparisons are made
with the 1989 data, which appear to show an impassible increase in tube thickness. Thea use of
similar, though not identical, test equipment by different personnel at slightly different points, are
thought to be responsible, at least in part, for the variation in the data among the three test

periods, even though instrument calibrations were thought to reduce this to being a negligible
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TABLE 18. ULTRASONIC TESTING LOCATION AVERAGES

T
Average Tube Thickness, mil
UT Area UT Location 1988 1980 1904
North Fumnace Wail Elevation 116 # NT NT 243 = 33
Elevation 123 ft NT NT 249+ 29
Epvetion 128 1t 270 = 18 270 £ 18 283 + 18
Elevation 132 ft 213 x 18 273 + 18 NT
Eevation 138 272 + 10 212 = 19 270 £ 18
Elevation 118 272 2 13 272 £ 13 NT
Elgvation 1446 213 2 14 273 14 NT
EBlevavion 147 1t 271 £ 18 FIARE IR ] 289 : 18
Bavation 150 ft 27t £ 10 FIAE ) NT
Bevation 163 k 274 = 19 274 = 10 2083 = 13
EBlevation 168 # . 2732 18 273z 18 .. 204 £ 17
Baevaden 172 NT NT 254 1 18
West Fumace Walls Elevation 128 Rt 21 x 13 NT 200 + 14
Elevation 132 It 200 = 16 NT NT
Elavation 138 h 271 £ 14 NT 267 £ 21
Elevation 130 1t 260 = 18 NT NT
Elavation 1446 ft 271 £ 16 NT NT
Elevation 147 ft 274 z 12 NT 281 16
Elevation 160 ft 271 £ 1% NT NT
Elevation 163 Rt 2M = 18 NT 268 = 18
Elevation 168 ft 289 : 16 NT %8 + 21
Elvation 172 ft NT NT 261+ N
East Furnace Wall Elevation 120 #¢ 270 = 18 NT 243 + 17
EBlevetion 132 h 272 2 19 NT NT
Bavation 136 h 270 = 18 NT 2621+ 19
Elevation 138 ft 271 + 13 NT NT
Blavation 1445 h 208 x 10 NT NT
Blavstion 147 h 209 x 13 NT 268 = 22
Elovation 160 ft 222 =8 NT NT
Elavation 163 1t 288 = 17 NT 269 = 19
Bavation 168 1t 268 « 18 NT 250 = 23
Bevatian 172 ft NT NT %4 = 17
South Furnaos Well Blevation 118 #t NT NT 238z 24
Bevaten 1721t NT NT 268 + 18
Pervlart Secondaery 2848 in sbove slepe 328 z 41 NT 3032 = 27
Superhaster 192 in sbove slope J21 + 88 NT 282 + &8
48 in sbeve slepe 383+ 26 NT NT
43 in sbove siops NT NT I35 & 43
Outiet Rebaoter Bark 200 in sbove slope NT NT 2190z 1N
103 in sbave slops 234 ¢+ 80 NT 237 = 29
43 in above slops 2682 = 12 NT NT
3 row sbove weld NT NT 180 x 80
Iniet Rehoater Bank 31 in sbove slope 226 = 17 NT NT
Horizorstal Secondary 33 in frem wall 367 + 34 NT NT
Superhester 15 in from wall 3442 23 NT NT
Below sootblower NT NT M2z 20
Primary Supsrhester 24 n fram wall 280 = 24 NT NT
Econemaer 16 in from west wall 82 = 17 NT NT
91.76 in from west wall 258 2% NT NT
183.8 in from west wall 268 = 14 NT NT
276.26 in from west wall 269 x 18 NT NT
394 in from west wall 268 z 18 NT NT
Balow sant seatblower NT NT 264 + 18

Below west sootblower NT NT 282 x 13

" Varistion is twice the standerd devistion of the od thick
! NT = Not tewted.

120



factor. Unfortunately, there was no way of determining which set of data was more likely to
contain the error if there was one. The fact that the values in all three periods generally fall within
each other's 95 parcent confidence intervals {defined by twice the standard deviation) suggests
that tube wear was nowhere nearly as bad as had been thought possible in the early stages of the
project. This is supported by the finding that the measurements in all but the pendant secondary
superheater and reheater were very close to, and sometimes exceeded, the original design tube
thicknessaes even after all these years of service. Quantifying finer distinctions, such as the extent
to which tube loss was due to "normal” wear, increased particulate loading, or increased
sootblowing, of course, turned out to be impossible.

In summary, the UT conducted on the boiler water tubes in 1986, 1989, and 1991
demonstrated that no significant tube erosion or corrosion took place during the period in which
lime and limestone sorbents were injected into the furnace. The data also indicate that the general
condition of the tubes remains excellent, and that no abnormal tube replacement or repair has been
necessary as the result of using LIMB technology. Moreover, the favorable results of the 1991
tests of the north furnace water-wall, in particutar, supported Ohio Edison’s decision to continue

“use of the DRB-XCL™ burners at the Edgewater Station after the demonstration conciuded.

ASH HANDLING

As long as an appropriate level of humidification was used, the conservatively designed
(SCA of 812 £#2/10° ACFM) ESP st the Edgewater facility was capable of collecting the increased
particulate loading that resulted from sorbent injection. For the nominal 10 percent ash coals
burned, there was up to a two- to threefold increase in ash loading depending on the stoichiometric
ratio and the specific sorbent being used. When upsets or problems occurred in the precipitator
ash removal system, howevaer, it was common to reduce or sometimes interrupt sorbent injection.
Since the types of leaks and plugs were no different than those found in conventional ash systems,
they were not a reflection of the operability of LIMB technology. It was just that instances of
plugged hoppers or vacuum leaks, with the additional quantity of ash, began to strain the overall
capacity of the existing system, leaving little, if any, margin for error.
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ASH UNLOADING

Fly ash collected in the Unit 4 ESP at Edgewater is pneumatically conveyed to the storage
silo as described in Saction 4, Water is added to the ash in a pug mill situated beneath the silo and
over a truck bay in order to provide dust control in the ash unloading and disposal process. For the
LIMB system, this operation was expected to result in steam evolution as a result of the highly
exothermic reaction of water with the quicklime component of the ash. Since no large scale
byproduct use could be arranged at the time, dry ash disposal was rejected from a safety
standpoint, and there was no water source readily available for alternative treatment at the disposal
site, the plan for the original, one-year LIMB Demonstration called for use of the existing system.
This consisted of increasing the water pumping capacity, addition of a large, reversible fan that
was expected to draw or blow the condensing billows of steam out of the truck bay, and other
relatively minor upgrades equipment. The wetted LIMB ash discharged from the pug mill drops into

a truck waiting below.

During the LIMB Extension, the amount of steam generated depended primarily on the
sorbent being used and the stoichiometry at which it was injected. While it was effectively
impossible to determine the amount of water lost as steam accurately, gualitative observations
were made. Ash from the limestone sorbents seemed to steam worse than that from the lime
sorbents. This was attributed to the lower utilization of the limestone, resulting in a higher
concentration of reactive Ca0 in the ash. Ash from the dolomitic lime, on the other hand,
appeared to steam less than the other limes, presumably because the MgO component does not
hydrate appreciably at atmospheric conditions. It also appeared that ash generated during close
approach operation producad less steam as the result of the rehydratian reaction taking place in the
humidifier.

In actual practice, the steam evolved made it difficuit to fill the trucks properly because it
obstructed the operator’s line of sight. As a consequence, early operations were characterized by
under- and overfilled trucks. The latter caused the additional problem of ash spills which raised the
pH of the water sent to tha drain when the area was washed down. A neutralization system
installed and upgraded during the original LIMB Demonstration adequately adjusted the pH of the
water saent to the ash pond.

After failure of attempts to make the fan originally installed work, one moderately effective
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maeathod of dealing with the difficulty consistad of lowering a hanging thermocouple to the desired
fill level of the truck. The unloadaer would be stopped when the thermocouple readout showed that
the hot ash had reached the desired levei in the truck bed. While this worked for dump trucks with
smaller beds, this procadure could not be used on larger trucks with tarpaulin supports spaced
along the bed. These supports would have caught the thermocouple and its support wire
whenever the truck was repositioned under the pug mill discharge chute during the filling process.

A multiple component exhaust system employing two large fans and three blowers was
eventually used during the latter portions of the LIMB Extension to keep the operator's sight path
clear. These were definitely more effective than the single fan system, though large amounts of
steam combined with certain wind conditions in the vicinity of the bay occasionally required that a
second operator assist in unloading.

Finally, it is noted that the steaming never stopped sorbent injecfion. Much of the difficulty
stemmed from the site-specific conditions at Edgewater, particularly since it was decided early on
that the relatively short term demonstration did not justify the expense that would have incurred by
installing a known technology. A more permanent system would likely consist of dry unloading and
transport to the disposal site, where instaliation of a water line and a radial stacking system would
easily have avoided the difficulties caused by steaming altogether.

SORBENT STORAGE AND FEED SYSTEM

This system worked very well following modifications made mostly during the original LIMB
Demonstration. Discussed in detail in Section 4, these included increasing the size of the baghouse
on top of the feed silo and changing the filter medium of the bags, resheaving the solids pump
below the storage silo, and installation of a solids pump to replace a rotary valve downstream of
the differential weight loss feeders. There was also a redesign of the injection system that
included removat of all dense phase air lines and related equipment, increasing line sizes both from
the pick-up point to the distribution bottle, and from the distribution bottie to the injection nozzles.
The result was a system that, except for some routine mechanical problems, provided the
capabilities expected of it.

On those occasions when lines between the distribution bottle and the injection nozzles
plugged, more frequently than not it seemed to occur upon restart of the system after a shutdown
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of a few hours or more. Many times the pluggage was ascribed to incomplete purging of the lines
as part of the shutdown process. Whatever the cause, service air connections instailed in each line
between the distributiocn bottle and the injectors provided a simple solution. This connection was
used to attach a service air line to blow cut the accumulated material quickly and effectively.

There were a couple of instances of sorbent line fajlures. The most significant of these
involved one of the 4 in ID rubber hoses between the feeder discharge and the distribution bottle.
When it was decided to change to the larger diameter lines, the original carbon steel pipe was
changed to hose because it could be quickly and inexpensively installed. The failure was believed
to have been due to a combination of wear and pressure. The hose was spliced back together and
the system restarted, though the spliced connection itself failed less than a day later. Replacement
of the hose solved the problem for the balance of the demonstration. Commercial installations
would normally use carbon steel pipe, and use hose only as a temporary measure as was done at

Edgewater. There were no failures of any carbon steel pipe during the demonstration.

The only other significant equipment failure occurred once when the baghouse on top of
the feed silo plugged during the transfar of sorbent from the storage silo. Caused by a failure of
the silo weigh cell, the silo overfilled and the baghouse had to be cleaned out manually. After the
weigh cell was recalibrated and another interlock added, there were no further overfills of the sile.

HUMIDIFIER

In spite of the potential for major problems associated with the formation of large deposits
as had beaen observed in similar technologies, the humidifier presented few difficulties in the course
of the LIMB Extension. The humidifier was cleaned out three times during the 16 months of total
elapsed time. In all but one of these cases, the build-up was fluffy ash that was easily removed by
an industrial vacuum truck: For the one remaining occasion, a large deposit formed in the chamber
after a period of extended operation with poor water atomization. As one might expect, the build-
up grew exponentiaily on itself once unevaporated water droplets began impacting at the wet/dry
interface. This build-up was hard enough that it first had to be broken up before it could be

vacuumed out.

The formation of this one large deposit points 1o the need to monitor humidification
performance carefully. Data indicated that before the build-up was found, some of the diagnostic
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thermocouples in the chamber had been running "cool® and very close to the saturation
temperature. The poor atomization was traced to a combination of a small amount of a scale that
had slowly and imperceptibly formed over preceding months in the atomization air and water
supply lines. Moreover, the "scale” only became a more significant problem after a more lengthy
shutdown for an outage, during which it dried out. The suspected cause is the formation of a
"hard water™ type scale which may have been aggravated by the use of caustic during the Coolside
tests several months earlier. Upon raestart of the system, the now dry and cracked material siowly
began to spall off, plugging the small passageways in the atomization nozzles. In the ensuing week
or two of operation, the atomization quality slowly deteriorated, forming the deposit from the outlet
end of the humidifier with gradual growth toward the inlet. This was unlike the few early
difficulties where, for example, an improperly assembled nozzle would leak and immediately form
an easily observad deposit which could then go on to cause coalescence of droplets and further
deposit formation in the vicinity of the spray zone. Thorough flushing of both the air and water
piping cleared the pluggages. In the ten remaining months of operation, this kind of build-up never
occurred again.

The two fluid atomizing nozzles themselves were maintained to assure continued
acceptable performance. When the boiler was down and time permitted, the faces of the nozzles
wera cleaned with wire brushes to remove any wet/dry build-up that had started to grow on them.
Their atomization performance was also checked on the same boiler outage basis.

Occasionally, an individual nozzle would have to be removed from a lance and cleaned. This
process was not complicated, involving removal and a check for the plugged orifice(s). When
pluggage was found, it usually was in the form of very small pieces of scale or rust that had fallen
off from inside the air line and blocked or partially blocked an opening. Although almost all of the
air lines were stainless steel, there was one carbon steel piece in the lance assembly downstream
of any filters because there was no alternate available at the time. This would not be the case in a

permanent, commarcial installation.
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SECTION 8
MAINTENANCE AND RELIABILITY

The LIMB process is easy to operate and maintain. No major maintenance or reliability
problems were encountered during the LIMB Extension. In the following discussion on maintenance
and reliability, the reasons for forced outages are separated according to whether they ware
mechanical or process-related. Similarly, availability of the LIMB and humidification systems are
categorized saparately.

The LIMB system at Edgewater operated over the 16-month period with relatively few
occurrences of process-related downtime. Such downtime was considered acceptabla, as it caused
the LIMB system to be unavailable less than two percent of the time. LIMB Extension tests
commenced on April 27, 1990 and ended on August 30, 1991. Over that time, a total of 11,784
possible hours, the boiler operated 7,709 hours or 65 percent of the time. Sorbent was injected
into the boiler 46 percent of the time the boiler was on-line (3,521 total hoursl. The LIMB injection
equipment was available over 95 percent of the time, and the humidifier and related equipment
were available over 96 paercent of the time. The percent time available relates to the total time the
hoiler was on-line. If the boiler was off-line and work was being done on the LIMB system, LIMB
was not considered unavailable. Basically, LIMB and humidification were considered unavailable
whenever the boiler was operating and they could not.

The LIMB system, which includes the sorbent storage and feed subsystems, was
unavailable for a total of 344 hours. If the humidifier was out of service, and humidification was
necessary to inject sorbent, this counted toward both LIMB and humidifier unavailability. For the
purpose of this discussion, the LIMB system heing unavailable relates to the inability to inject
sorbent into the furnace. When low sulfur coal was being burmed, there was no need to inject
sorbent to maintain emission limits. On these days, the equipment was operated for the sole
purpose of obtaining test data. The off-time during these periods is not counted as unavailable
time since the equipment was, in fact, available, but not being run to canserve sorbent for test
purposes.

PROCESS-RELATED UNAVAILABILITY

The downtime most critical to the success of the demonstration was the process-related
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downtime which rafers to time when the system was unavailable due to failures such as plugging
of sorbent lines or humidifier clean-up. The two percent of the boiler operating time noted earlier
equated to 149 hours of process-related downtime over the course of the project. These 149
hours are further broken down as follows:

* 99.5 hr of downtime associated with the humidifier. Clean-up crews worked no more
than 12 hr per day, but if they had to come back the next day, all 24 hr were counted.
The humidifier needed to be cleaned three times in the 16 month period, the worst of

which was described in more detail in the preceding section.

+ 33 hr of forced outages due to plugged sorbent iines. Most of the six occurrences had to
do with iines between the distribution bottie and the nozzles. Service air connections to
blow pluggage out were installed about half way through the project. After that time,
there was only one pluggage in these lines which required about 1.5 hr downtime.

* 16.5 hr of unavailability to balance humidification lance flows. After the humidifier was
cleaned out the second time, one day was spent balancing lance flows to produce an
aven temperature profile throughout the humidifier. The whole 16.5 hr is attributable to
this one occurrence.

MECHANICALLY-RELATED UNAVAILABIUITY

Mechanical problems are inherent with any equipment or process. Although counted
toward unavailability, the downtime associated with mechanical problems was not LIMB-specific.
It includes outright equipment failures unlass they could be directly attributed to the process. A
more detailed listing of these mechanical failures is as follows:

+ 138.5 hr of unavailability caused by the compressor that supplied the atomizing air for
the humidifier.

¢ 99.5 hr of downtime due to the sorbent feed pump. This solids pump was purchased
secondhand, which may have contributed to this downtime as there was no downtime
attributable to a larger size of the same pump used to transfaer sorbent from the storage

to the feed silo.
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+ 48 hr caused by problems with the weigh cell on the feed silo. As noted in the preceding
section, malfunction of this device caused the silo to overfill with sorbent, piugging the
baghouse. A redundant high level transmitter was added to shut down the transfer

equipmant on alarm.

* 16 hr of unavailability due to hosa failures. This would not be a problem in a commercial

installation with carbon steel piging.

» The balance of the downtime was attributable to minor electrical and mechanical

problems with the various pieces of both LIMB and humidification equipment.
MAINTENANCE AND RELIABILITY SUMMARY

The numbers presented in this subsection would tend to be higher than expected for a
commercial unit operating to maintain air quality. When a piece of equipment failed, no more than
gight hours per day were spent on the problem, and there was little if LIMB equipment maintenance
done on weekends. If a piece of equipment could not be fixed in an eight hour day, 24 hours of
unavailability were still attributed to the problem. This was true as the objective of the
demonstration focused on obtaining operating data, while minimizing the amount of money spent

on equipment repairs.

Appendix E contains a complete log of the hours of unavailability and what caused them.
As previously stated, if the humidifier was down for any reason and this halted sorbant injection,
both the LIMB and humidifier systems were labelled unavailable as well. Also contained in this
appendix is a log of the time the boiler and LIMB system were on-iine.
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SECTION 9
ECONOMICS

INTRODUCTION

This saction addresses the economic comparisan of SO, removal with the LIMB, Coolside,
and LSFO FGD technoiogies. The evaluation is based on the capital and annual levelized costs for
each of the three. Technical and economic premises were developed utilizing the DOE Program
Opportunity Notice {PON) DE-PS01-88FE61530, EPRI's TAG™ Technical Assessment Guide,?? the
design and operating experience from the LIMB project, CONSOL's topical report on the Coolside
process,? and a review of state-of-the-art technology being utilized in the design of wet limestone
FGD systems.

The base LIMB system evaluated is an optimized commercial system utilizing hydrated
calcitic lime as the sorbent to achieve 60 percent SO, removal efficiency. No credit is taken for
NO, emission control with LIMB, and no costs are included for burners and associated hardware.
Equivalent NO, emissions are assumed in the economic evaluations, and only the costs associated
with SO, removal are used in the analysis. The Coolside system evaluated is an aptimized
commercial system utilizing commercial hydrated calcitic lime to achieve an SO, removal efficiency
of 70 percent. The LSFO system evaluated is a typical commercial system utilizing commercial
limestone to achieve 95 percent SO, removal.

The goal of this analysis is to provide a comparison of the three FGD processes over the
range of the economic and technical premises chosen. The analysis reviews the economics of the
three processes for power plants with generating capacities from 100 to 500 MWe, while they
burn coals with sulfur contents ranging from 1.5 to 3.5 weight percent. Tha results of this
analysis is intended to assist utility and industrial boiler owners in deciding how to comply with

current emission control legislation.

In the following discussion it is important to kesp in mind that the LIMB and Coolside
processes were conceived as low capital cost technologies for moderate levels of SO, removal. As
such, they are generally targeted for use on relatively small, older plants for which wet scrubbers
would be especially hard to justify. This is in contrast to LSFO FGD which normally is designed for
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high levels of SO, reduction. Guaranteed removals of 95 percent or more have been common for
the state-of-the-art LSFO technology since passage of the CAAA in 1990. Its higher capital cost
with notably greater reagent utilization make it the choice usually preferred for newar, larger ptants
burning higher sulfur coals. At least as importantly, site-specific considerations influence the
economics of all three processes, as is commonly recognized in the industry.

For the reasons above, direct comparisons of LIMB and Coolside with LSFO FGD must be
interpreted with care. Several alternatives were evaluated in order to try to overcome the inherent
differences. One included operation of the LSFO system at lower levels of performance, essentiaily
equal to that of the other two technologies. Another examined partial flue gas bypass for the
overall removal desired, while still operating the LSFO process at 95 percent removal efficiency.
Arguments against making such assumptions were thought to be at least as valid as presenting
each technology in its own realm of applicability. The end result was a decision to present each of
the technologies in its own best light. When viewed in the light of the caveats in the preceding

paragraph, the limitations of comparison with the LSFO process are readily apparent.

Since the differences betwesen LIMB and Cooiside are less pronounced, greater significance
may be placed on their comparative economics. Nevertheless, site-specific considerations become
aspecially important. Whereas Coolside demands humidification to a close approach to the flue gas
saturation temperature, LIMB can require littie to none depending on the nature and quantity of
sorbent injected. Enhanced SO, removal is, of course, possible under close approach conditions.
The site-specific concern arises out of the greater amount of space required to permit essentially
complete evaporation to achieve close approach gperation. The other fundamental difference
betweean these two technologies, sorbent injection in the furnace for LIMB, and in a downstream

location for Coolside, becomes a matter of preference for the individual operating utility.
ECONOMIC EVALUATION RESULTS

For base load boiler operation (65% plant capacity factor) the Coolside and LIMB processes,
with design SO, removal requirements of 70 and 60 percent, respectively, were found to be
competitive with a LSFO FGD process on a $/ton of SO, removed basis. Examined under sets of
operating conditions described later in this section, the LIMB and Coolside technologies appeared to
be generally .applicable for three coais of varying sulfur content (1.5, 2.9, and 3.5 weight percent),

fired in the following unit sizes:
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CoalSulfur, wt % Coolside LIMB

1.6 = 500 MWe = 500 MWe
25 = 220 MWe =< 450 MWe
3.5 s 100 MWe < 240 MWe

In comparison with LSFQ, Coolside and LIMB economics also become increasingly favorable
with both decreasing plant capacity factor and book life. As might be expected, variations in
reagent cost have a much greater effact on LIMB and Coolside than on LSFO because of the lowsr
utilization realized as stoichiomstry increases. Conversely, the availability of a low cost reagent

supply can significantly improve LIMB and Coolside economics.
BASIS OF EVALUATION

Similar technical and economic assumptions were used to provide as common a basis for
the three fundamental process designs in order to make comparisons as valid as possible. Four
referance plant capacities of 100, 150, 250, and 500 MWe were selected. Eastern bituminous
coals were chosen which essentiaily differed only in that they had different sulfur contents of 1.5,
2.5, and 3.5 weight parcent. An economic evaluation, effectively consisting of a budgetary
estimate targeted to be accurate to within 10 to 20 percent, was then made for each FGD process
for each reference plant/coal sulfur combination. This type of accuracy is expected to result from
the detailed design-estimate efforts used as outlined in TAG™. These resulted in twelve separate

evaluations for each FGD process, or a total of thirty-six separate evaluations.

The basic LIMB system design is assumed to use commarcial calcitic hydrated lime as the
sorbent. Use of ather sorbents in the process can have a substantial effect on annual levelized
costs, as is discussed later in this section. While capital costs that result from the differences in
molecular weight and/or bulk densities would be affected somewhat, the differences are expected
to be within the accuracy of the estimates. The major impact on annual levelized costs due to
changing sorbent is the result of lower utilization in the case of limestone, and the unreactive MgQ
component in the case of dolomitic lime. There would alsc be an effect on ash disposal costs, but
this would be expected to have an even lower impact on the levelized costs. The costs for LIMB
operation at close approach to saturation are considered to be close to those for simitar application

of the Cooiside technology.
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The Process Engineering Group of B&W'’s Environmental Equipment Division {EED)
generated the material balances for the 12 LIMB and 12 LSFQ cases, while CONSOL's Research
and Development Group developed those for the 12 Coolside cases. These material balances were
used to size the equipment necessary for each design case. The equipment included silos, tanks,
vesseis, pumps, fans, compressors, buildings, and the related process equipment and structures
required for each FGD system. Structural steel, electrical, instrumentation, and control
requiremeants were developed in B&W's machanical and electrical engineering departments.

Costs were then estimated for each design case. Budgetary vendor quotes were obtained
for the process equipment. EED's Mechanical Engineering and Estimating Groups determined the
costs for silos, tanks, absorbers, structures, and accessory equipment. B&W's Electrical
Engineering Group determined costs for the electrical equipment, wiring, instrumentation, and
controls. CONSOL's Research and Development Group assembled cost information from
appropriate suppliers for those portions of the Coolside process humidifier and sodium addition
systems not covered by B&W. Construction cost factors were developed from B&W's
Censtruction Company’s experience in the installation of FGD and power plant equipment.

REFERENCE POWER PLANT DESIGN

The economics presented ars based on reference plants with nominal capacities of 100,
150, 250, and 500 MWe (net). The plants are base loaded (65 percent capacity factor) and
located in the state of Ohio near the Ohio River., Other pertinent design and performance
assumptions are listed in Table 17. The site plan is assumed to be similar to those in the DOE PON
noted earlier in this section. For the purposes of the LIMB, Coolside, and LSFO process layouts, all
boiler sizes are assumed to ba equipped with two parallel air heaters, each of which handies half of
the flue gas flow. The flue gas exits each air heater and flows through paraliel ducts to separate
ESPs. Table 18 presents the fuel specifications for each of the eastern bituminous coals containing
1.5, 2.5, and 3.5 weight percent sulfur, as received.

The potential application of the LIMB and Coolside technologies to other coals such as
lignites and western subbituminous fuels is not considered to have a significant enough impact on
costs to warrant separate evaluation. The primary effect would be one associated with the
generally lower sulfur content of such coals, and as such, is represented in the 1.5 weight percent
sulfur case here. While the ash of these coals is frequently high in alkaline components that
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provide some degree of inherent SO, capture, the effect is again one which can be thought of as
relating to an "effective sulfur content” for the purposes of process design. In similar fashion, the
generally higher moisture and ash content of such coals would be taken into account in the design
stage. Such differences would tend to lead to slightly lower costs, but ones that do not appear to
warrant separate treatment in this analysis.

Flue gas compositions and rates depend on boiler design, fuel composition, and operating
conditions. The assumed flue gas compositions and rates used in this report are based on
combustion of pulverized coal with 40% excess air, reflecting the higher degree of air infiltration
that might be expected in an older unit. This includes excess air to the boiler and air in-leakage
from the duct and air heaters. The flue gas compositions and rates are also presented in Table 18.
This information is included since the flue gas flow rate, moisture content, and temperature define
the humidification water flow requirements for the LIMB and Coolside processes, as well as the
evaporation water requirements for the LSFO process. The flue gas flow rate, SO, concentration,
and required Ca/S mole ratio define the hydrated lime rate for the LIMB and Coolside processes,
and the scrubber tower diameter, recycle pump capacity, and limestone feed rate for the LSFO
system.

TABLE 17. REFERENCE PLANT DESIGN INFORMATION
£ = R = TN O T

Plart lecstion Ohde, rasr the Dhio River
Plant slevation SO0 1t shave ass lovel
Selernic zere 1
Boiller typs Pulvarized ceal-fired, radiam beller
Capecity facter 86 poroant
ESP: Emission rate 0.1 B/10° b
Specific celisction see 400 177107 ATRM

1D fars: LIMB Addacysete

Coslnide Adaguete

L8FO 3 el fore ired

1.9

Cacigide 1.3 for the humidifier, 1.0 for other squpment

LEFO 1.3
Piant size, MWe net) 100 180 280 500
Coul Row rote, Aw 92,000 123.000 206,000 410,000
Main stoem flow, DAw #34,000 251,000 1,585,000 3,170,000
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Fust type

Coal mitur, wt % s received) 16 28 EX
High hasting velue (HHV), BIuid as received) 11,872 11,072 11,872
Proximats snalysis, wt % (es received]
Moisture 8.0 8.01 801
Volstile matter 31.06 nes 3108
Found carben vy difference} 4887 ans? 4987
Ash 10.77 10.77 10.77
Uttimate analyeis, wt % idry benin}
Carben 72.18 7N 71.27
Hydvegen 4.82 482 432
Nitregen 1.62 1.62 1.82
Suttur 103 272 3.80
Chicrine XY 0.4 0.4
Oxygen oy differance] ¥ a.0a 7.8 674
Ash 11,71 mn 1M
HHY 12,908 12,908 12,508
Pam gas compesiten
HeO, vel % 77 21 7.7
cOo,, vel %° 1241 120 1.9
O, vel % (¥ (¥ (1
8Oy pprv 1022 1700 237%
Flus Gu flew rate, ACHM'
100 MW 47,274 348.080 340,783
180 MWe 620,011 822,088 823178
260 MWe 5ed,184 870,147 71,58
8OO MWe 1,738,308 1,740,208 1,742.01%

‘£ 1% of voal carben lest te earben in ash and fh ges CO.

T A1 1 em and 300°F.

134



FGD SYSTEM DESIGN

Commarcial designs were developed for each of the three FGD processes utilizing the most
current technology considered applicable. Detailed system descriptions, technical premises,
squipment scope of supply lists, and process flow schematics are presented in the following
sactions for each of the three FGD processes. A comparison of the major process and equipment
design parameters is shown in Table 19. The designs were kept as similar as possible in order to
provide as fair a comparison as possible among the three processes. For example, the drainage
sumps for all cases compared are the same size and have the same sump pumps and mixers. This
was dona even though it is realized that scale-up of certain operations and squipment from the 100
to the 500 MWas size would necessitate design changes for economic and/or practical reasons.
Thus, for the purposes of the evaluation, assuming truck delivery of lime for all four plant sizes was
cqnsiderad preferable to trying to account for cost differences for rail or barge delivery for the
larger size plants. Individual LIMB, Coolside, and LSFO system design criteria are summarized in
Tables 20, 21, and 22, respectively.

TABLE 18. FGD PROCESS/EQUIPMENT RERGN ASSUMPTIONS

UM Cosinide LSFO
80, removal, % © 10 ””e
Sorbent Caloitic hydrated lime Caleitic hydratad ¥me Lirnsstors

arvl aade ash

Ca/B Maichiemetry, mel Carmel § iniet 20 20 NA"
Ca/S Steichi v, mol Ca fed/mai 8 d NA NA 1.08
Na/Cs Stelchiomatry, molimat NA 0.2 NA
Total wystam AP, In WC Negligible 1.8 10
D tars Adequite Adequate Supplemarntal farme reguired
Fus gas rehast Ne Ne Neo
Fius gas by-pam NA Yeou, 100 % Yen, 100 %
logigtion darmpuns NA 1 3
New wet stack No Ne Yo
Total sorbent storege. day 7 7 n
Waste product componsnts Fiy ssh, lima, Fy msh, Sme, Dispossbis gypeumn'

gypeum calcium and setium

suifites and sulfstes

Systern outiet temperanrs, *F 276 148 126

" NA = Not applicable.
! As oppossd to weliboard-queiity gypeum.
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TABLE 20. LIMB FGD SYSTEM DESIGN CRITERIA

SO, removal efficiency, % 80
Ca/S Steichiometry, mal Ca/mal S inlet 2.0
Total wystam AP, In WC Negligible
Fumnecs injection point 1emparsuure, *F 2300
Humidification cosling requirement, *F 2%
Humidifier atomiting air, i aird weter Q48
Humidifier duct ges veledity, ftiesce 80
Resttive kime purity, wt % »”
Total erw storage, day ?
E9PF osllaction sfficlency, % ”"e
ESF particudate emissien, I/10° Btu 8.1
ESP SCA, #t7710° ACEM sorbant storage, day 400

Materisls of construction fer flus gas contect:
Humidifier spray lanoes J16L stainkem. stesl

TABLE 21, COOLSIDE FGD SYSTEM DESIGN CRITENIA

80, remeval effiGiercy, % 76
Ca/S Reichiametry, mel Calmol 8 inlet 2.0
MNa/Cs Steichiemetry, melimol 0.2
Adih moyocle retio, i ashAb frash lime:
PR3y 250
25 % 8 seed omn
38 % 5 oved 0.00
Totai syseemn AP, in WC 1.5
Humidilication oecling requirement Te 20°FAT’
Hurnigiifier stemizing air, I sirAb water 046
Husnidifar duct gas velodity, ftisec 20
Humidifier rmidence time, hec 3
Aaective lime purity, wt % . -
Tatal e sterage, day ?
ESP salisction sfficiency, % 0.8
EBP porticulsts smimsion, V10" Bru 0.1
EBP SCA, It710° ALFM serbent wtoraps, day 400
Matorisle of conatruction far fue gee contsct: ’
Hurnigifier et and sutiet ducts Carbon wtael
Mumigitier Carbon mesl
Humidifier spray lenose 3160 stainioss sweel
AT, = Approsch ta the asisbed i of the fiue ges.
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TABLE 22. LSFO FGD SYSTEM DESIGN CRITERIA

S0, remaval sfficiency, %
Ca/S Stoichiometry, mel Ca fed/mol § removed

Q, Steichiometry for 99 parcant pxidation,
mal O, fedimol § removed

Totsl system AP, in WC

Absorber:

Design type

Number of modules

Fus gas velecity, fisec

Aasaction tenk, selide concentration, wt %
Resction tank residence time, sec
Liquid-to-gas 1L/G] ratio, gel/10* sctud i?
For 1.Ewt % 6 conl

Ll
1.06

1.6

Tray tower
One 100 % capacity
1o
15
[ |

For 2.6 wt % 8 ooul 100
For 3.5 wt % 5 ool 120
Raactive lmestone purity, wi % »

Total kmastars wterags, 4oy
Li vy age tank ity, v
Limestens perticle sizs

Waste shavy tank cepacity, hr

n
12
85 % < 326 mesh iddmm)

18

PMeclaim water storage tank capacity Equel to water velume of
waste shary tank

Prienary dawstering:

Number of hydreciors Tweo B0 % capacity

Hydredlers underflow solide concantration, wt % %

Secendery dewatering:

Numnisr of vacuarn Mters

Twa 100 % capacity

Vataaam fiver celis aclics, wt % %
Upstream EBP osllection efficiency, % "ne
Maverisls of cortrucrien
for flue s cantact:
Iniot duct Carben mtosl
Bypase duct Corbon svenl
Alsarber sntranes netie Aoy C-2178
Abntriber medide Rubber-ined carben stesl

Outiat duct

rcigl LIM

The scope for the LIMB system begins with truck delivery of dry hydrated calcitic ime to
the site and ends with removal of a water-conditioned LIMB ash in trucks. The design consists of
four process areas: the lime unloading, storage, and feed system; the furnace injection system; the
humidification system; and the ash collection, storage, and removal system. A listing of the scope
of equipment and a LIMB system schematic are presented after the detailed descriptions in
Table 23 and Figure 43, respectively.
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Lime Unloading, Storage, and Feed System--

Lime is delivered to the site by pneumatic trucks, two of which can unload lime into the
storage silo at the same time. The silo can hold a seven-day supply of lime when the unit is
operating at its maximum continuous rating {MCR). A baghouse is located on top of the silo to
prevent lime from escaping to the atmosphere during unloading. A mechanical lavel detaction
device is provided to prevent overfilling the silo.

Lime discharge at the conical bottom of the silo is aided by internal air slides on the sloping
sides. A fluidizing air system consisting of a fluidizing air blower, air dryer, and the interconnecting
piping, valves, and instruments is provided to supply air to the air slides. A 100 percent spare
fluidizing air blowaer is included. The air dryer can be by-passed when maintenance is being
performed.

There are two discharge points on the bottom of the silo, each of which can be isolated
with a manual slide gate. From each discharge point, lime can be fed to a variable speed rotary
feeder, whose speed can be controlied to supply the required amount of lime to the system. The

‘rotary feeder prevents flooding and feeds at a controlled rate into a solids pump. Sorbent is
compacted as it is pushed through the pump barrel by the screw, sealing against the transport line
back-pressure. The lime is then fed into the pump mixing chambaer where it is fluidized with
transport air and conveyad to the distribution bottle through the transport line. Transport air is
provided by one of twa 100 percent air blowers. The lime is split at the distribution bottle into
sevefal smaller streams and continues on to the furnace injection system.

Furnace Injection System--

Based on furnace gas temperature ranges, lime is injected into the upper furnace, generally
at a level close to the screen tubes and entrance to the superheater. Here the hydrated lime reacts
with the SO, in the flue gas to form CaSO,. An array of equally spaced injection nozzles, similar to
the Edgewater design, penetrate the front wall carrying air-transported hydrated lime from the lime
distribution bottle. Additional "booster”® air is injected through annular openings surrounding the
lime nozzies to aid penetration and mixing with furnace gases. Booster air is supplied by a
centrifugal fan located as close to the injsction points as possible, to reduce the distribution
ductwork. The booster air fan and ductwork is insulated for noise protection. A video camera and
monitor system is provided for continuous observation of the lime fiow into the furnace by the

boiler control room operators.
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plane of the humidification nozzies. In the humidifier, the hydrated lime reacts in the presence of

high humidity with the SO, in the flue gas to form calcium sulfite and some calcium sulfate.

Sodium Addition System--

The Coolside process uses sodium compounds to increase SO, removal and lime utilization.
in the design shown, the sodium is stored as an aqueous solution. Dry soda ash is pneumatically
unioaded from trucks into a 30-day, wet soda ash storage and supply system. The soda ash feed
system is a packaged unit which maintains a saturated solution of sodium carbonate. The
saturated soda ash solution is metered, dependent upon the hydrated lime feed rate and the Na/Ca
molar ratio setpoint, to an in-line mixer in the humidification water supply line. The soda ash
supply system comes with a small dust scrubber to control dust emissions during unloading
operations.

Flue Gas Humidifier—

Boiler flue gas from the air heater(s) is conveyed to a single humidification chamber. In the
humidifier, water containing the sodium additive is fed to an array of atomizing nozzles. High
pressure air is used in dual-fluid atomizing nozzles to produce very fine water droplets which
evaporate virtually compietely and quickly cool the flue gas. The rate of water addition is
controlied to maintain a design humidifier outlet temperature 20°F above the adiabatic saturation
temperature of the flue gas.

The atomizers selected for the Coolside process design are B&W Mark Xl nozzles or the
equivalent. Each nozzle is designed to operate at 0.8 to 1.0 gpm throughput with an atomizing air-
to- humidification water ratio of 0.45 IbAb.

Two key humidifier design parameters are the humidifier residence time and the iniet flue
gas temperature. Based on the Edgewater demonstration, the flue gas humidifier residence time
was chosen to be three seconds. To minimize the humidifier length, the humidifier cross-sectional
area is set to maintain a 20 ft/sec flue gas velocity in the humidifier. To minimize the potential for
soiids buildup within the humidifier, the design is vertical downflow as shown in Figure 44. A
hopper is provided at base of the humidifier to collect and remove any wall scale, atomizer deposit
debris, and ash which may drop out of the flue gas. The design incorporates turning vanes in all
ductwork bends to minimize pressure drop and 10 insure a uniform gas flow profile at the humidifier

inlet.
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Figure 44. Vertical humidifier conceptual design for a commercial Cooiside system
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An enclosed, heated, ventilated, and insulated platform is required on each side of the
humidifier t© monitor the operation and maintain the spray lances. These enclosures would contain
atomization air and water headers, distribution piping, and associated valves, filters, and

instruments. It would not be necessary to enclose these platforms in warmer climates.

Compressed air and water for humidification wouid require new equipment, which would be
located as close to the humidifier as possible. Because a relatively largs area is required, it will be
assumad that space is not available for the purposes of this comparison. The equipment will
therefore be located in an equipment building under the lime storage silo described below. Alr
compressors {spared), water pumps (spared), duplex water strainers, an air receiver, and a water
tank would be supplied along with associated piping, valvas, instruments, and controls.

Other equipmaent includas five guillotine dampers supplied to isolate the humidifier from the
existing flue gas duct. A rotary lump grinder is also supplied at the discharge of the humidifier

hopper to grind any large material before sending it to the ash removal system.

Costs to perform flow model testing for optimization of the final humidification system
design are likewise included. This would be necessary to assure proper design of the humidifier for
operation at close approach to saturation,

Ash Collection, Storage, Recycle, and Removal System-

| Coolside ash fall out/collection will occur in the humidifier hopper and the ESP hoppers,
although only a minimal amount is expected to accumulate in the former. Most is collected by the
ESP and falls into the ESP hoppers. It is assumed that the existing ESP has sufficient SCA, T/R set
capability, and rapping capability to handle the increased Coolside ash loading. The existing ESP
equipment must be evaluated under the increased loading conditions to determine if stack
particulate emission limits can be maintained. No modifications were necessary to the Edgewater
ESP which had a design SCA of 612 #1?/10° ACFM to achieve a particulate removal efficiency of
99.38 percent. [Post-Coolside inspection of the Edgewater precipitator revealed doughnut-shaped
ash build-up on many wires of the first field of the ESP, however, this was attributed to several

upset conditions which occurred during the early stages of testing.}

For the conditions studied, the application of Cooiside can increase the total ash collected
in the ESP by a ratio up to about 3:1 when operating at 2.0 Ca/S ratio (recycle was assumed to be
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empioyed to a lesser extent as the coal sulfur content increased). For this evaluation, it has been
assumed that, similar to the Edgewater installation, the existing ash removal system can collect
and transport the additional ash by more frequentty emptying of the ESP hoppers. The ash storage
silo capacity is assumed to be adequate and capable of storing about four days’ production of
Coolside ash, as was the case at Edgewater. Costs are provided for upgrading the system to
handie the increased solids flow. It is noted, however, that some plants would not have this
margin available and would find it necessary to consider increasing the capacity of all or selected
parts of their ash handling system.

Ash Collection and Storage System--The existing ash collection system is assumed to be the dry
vacuum type, which utilizes either a hydraulic exhauster or mechanical exhausters to effsct the
flow of conveying air. For the purposes of this comparison, it will be assumed that the reference
plants utilize mechanical exhausters. An existing primary cyclone type collector and a secondary
pulse jet bag filter, both mounted on the top of the ash silo, collect the conveyed ash and empty it
into the silo through double-dump discharge gates. This existing system will be upgraded in order
to handle the increased solids flow as follows:

¢ The humidifier hopper will be tied into the existing plant fly ash vacuum system.
+ The vacuum source will be replaced with one of greater capacity.

* The pulse jet bag filter will be repiaced with a greater capacity bag filter{s) which has
been fitted with Gore-Tex™ bags.

Ash Removal Svstem--It is assumed that the reference plants presently utilize an ash
conditioning/unicading system consisting of ash silo fluidizers, an ash discharge slide gate, a rotary
feed valve, and a paddle-type ash conditioner which wets the ash for discharge into trucks for
transport to a landfill. In order to handle the increased Coolside ash loading this system would be
upgraded as follows:

* A new variable speed rotary feed valve of double the original capacity will be installed.

* A new plastic-lined, paddie-type ash conditioner will be installed to handle the increased

capacity.
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s A new plastic-lined discharge chute will be installed and fitted with wash-out capability.

¢ The water feed to the unloader will be made adjustable.

The operation of the ash discharge slide gate, rotary feader, ash conditioner, and water supply will
be automatically sequenced, with ash and water rates manually adjustable from a panel.

Coolside Ash Recvcle System-To increase the sorbent utilization, a portion of the collected solids
is recycled. Coolside ash is discharged from the ash silo to a variable speed rotary feeder
controlled to supply the raquired amount of recycle ash to the system. The rotary feeder prevents
flooding and feeds at the desired rate into a solids pump. Recycle ash is compacted as it is pushed
through thé pump barrel by the screw sealing against the transport line back-pressure. The
Coolside ash is then fed into the pump mixing chamber where it is fluidized with transport air and
conveyed to the distribution bottle through the transport line. Transport air is provided by one 100
percent air blower. The Coolside ash is split at the distribution bottle into several smaller streams,
and then directed to an array of injector pipes located in the plane of the humidification nozzles.
The ash recycle squipment is not spared because loss of this system wouid only affect lime
utilization, and not the capability of the Coolside system to meet emission requirements.

Coolside Equipment Enclosure—

Those items and groups of equipment that do not fit in the existing boiler building and
associated structures will be brought together and housed in a single separate structure called the
*Coolside equipment enclosure®. Located below the lime storage silo, it will support and/or
enclose:

* The lime storage silo truck unloading, bin discharge, and feed equipment

e Atomization water tank, feed pumps, and two sets of strainers

¢ The atomization air compressors, air receiver, and instrument air conditioning equipment

* A room for electrical switchgear and motor control centers

» Noise abatement enclosures for the centrifugal air compressors.
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Pipe Rack--
The design includes a 150 ft long pipe rack for supporting pipe runs betwesn the Coolside
equipment enclosure and the boiler structura. The support elevation will be 20 ft above grade to

clear roadways. The rack will carry interconnecting piping, and electrical wiring in cable trays.

Instrumentation and Controls—

The Coolside system will be controlled from the boiler control room by the Coolside
operator. Subsystem and individual equipment start/stop operations would be from the boiler
control room. Local start/stop capability will also be provided for the rotating equipment. The
design includes computerized process control and an operator interface console. Required
instrumentation for local or remote status indication is included with recording and alarms for
critical conditions. Annunciation of trouble spots are highlighted on computer graphics. It is
assumed that the plant will have a CEMS in place. It is recognized that each plant will have its
own control philosophy, and any final design would have t¢ make accommodations for the plant’s
unique facilities and requirements.

Electrical Equipmant--

it is assumed that the plant can provide a power lead from its 4160 VAC bus. The design
would include the necessary transformer and switchgear to power the Coolside equipment
enclosure and Coolside equipment. The electrical equipment room is located in the Coolside
equipment enclosure and will house the 4160 and 480 VAC load centers, motor control centers,
and lighting panel. A grounding grid, 120 VAC utility outlet and control power system, electrical
heat tracing, and indoor and outdoor lighting are also included. The interconnecting wire, conduit,
and cable trays between the Coolside equipment and the electrical equipment room are included.
The 4160/480 transformer is located just outside the Coolside equipment enclosure.

Heating, Ventilation, and Air Conditioning--
The Coolside equipment enclosure and the humidification enclosures will be heated and
ventilated. The electrical equipment room will be heated and air conditioned to support the control

system hardwars.

Miscellaneous--
A sump is located in the Coolside equipment enclosure to collect water from ash and lime

truck spill wash-down water, atomization water tank overflow, and misceilaneous drip and floor
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drains, but not including sanitary, roof downspouts, or storm drains. Two 100 percent vertical
sump pumps will transfer the ash/lime waste water into a disposal system by others. A mixer will

be located in the sump to provide off-bottom suspension of solids.

Both Coolside ash and lime truck spill wash-down water will be highly alkaline. Therefors,
it will be necessary to neutralize this water before pumping it to disposal. A neutralization system
consisting of two pH meters, a sulfuric acid tank, a tank containment, and an acid metering control
valve is included. The acid tank will be located just outside of the Coolside enclosure as close to
the sump as possible. The pH meters will monitor sump water pH and forward the signal to the
control system which will maintain the sump pH at 7.0 by the gravity addition of sulfuric acid.

An instrument air system will be included to dry, filter, and condition a portion of the
atomization air for use as instrument air throughout the Coolside system. The plant's instrument
air system will be the back-up to this system,

Coolside Operating Manpower--

It is expected that four additional operatars would be required to start, operate, control, and
shut down a commercial Cooigide system. Lime truck unloading is performed unsupervised by the
lime truck drivers. One Coolside control room operator per shift will start/stop remotely operated
equipmaent, set process flow control conditions, monitar process operation, and respond to alarm
conditions. The boiler auxiliary squipment operator will start/stop locally operated aquipment, walk
dowﬁ and monitor equipment operation, and respond to alarm and upset conditions as requested by
the Coolside operator in the control room. Ash hopper evacuation will proceed in the same manner
as before Coolside, howsever, more frequent evacuation will be required. Ash unloading to trucks
will also proceed in the same manner as before Coolside, and will be performed mare frequently

and/or a greater number of trucks will be filled during each unioading process.
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TABLE 24, COMMERCIAL COOLSIDE SYSTEM SCOPE OF EQUIPMENT

Humidifier happer te-in
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Pulse jot bag Miter with Gore-Tex™ bage
Varighie ypesd retary foed vaive
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Ash discharge cruste

Intercennecting piping, velves, and irsstruments
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ial Li ne For idation F ign

The LSFO FGD process was selected for comparison with LIMB and Coolside FGD Systems
because its design is considered to be the state-of-the-art wet scrubbing system that would be
purchased by an electric utility to meet current and future stack emission requirements. The design
consists of four process areas: the limestone storage and preparation system; fans and ductwork;
the absorber system; and the dawatering system. It is assumed that the existing ID fans are not of
great enough capacity to overcome the additional pressure drop of the LSFO system, and new
supplemental ID fan{s) will be required. Rubber-lined carbon steel was chosen as the material of
construction for the absorber tower, although it is realized that varying chloride concentrations and
other site-specific conditions may dictate the use of stainless steel alloys or other materials. A gas
distribution/SO, ahsorption tray is utilized in the absorber tower in this evaluation. A design
without a tray would require an additional spray level(s) and a greater liquid-to-gas ratio (L/G). In
this design the gypsum product is considered to be of disposa! grade, rather than being washed to
a higher quality for use as wallboard. Flue gas reheat is not included as there is provision for a new
wet stack. A listing of the scope of equipment and a LSFO FGD systern schematic are presented
after the detailed descriptions in Table 25 and Figure 46, respectively.

Limestone Storage and Preparation System-—

Limestone is delivered to the site by trucks which unload into a recsiving bin located near
the limestone bulk storage facility. A conveyor elevates the limestone into this facility which holds
a 31 day supply of limestone for the unit operating at MCR. A transfer conveyer elevates
limestone from the bottom of the bulk storage facility to the limestone day silo which holds a 24 hr
supply of limestone. The limastone bulk storage facility is enclosed for weather protection. The
limestone day silo has two discharge points, each of which is fitted with a manual slide gate for
holatioﬁ, and with a vibrating bin bottom to facilitate the flow of limastone to the limestone
preparation system. From each discharge point, limestone can be fed to a weigh belt feeder which
is controlied to supply the requirad amount of limestone to a wet ball mill. There are two 100
percent capacity, rubber-lined ball mills supplied. The mills grind the limestone to a particle size of
95 percent passing 325 mesh {44 ;m). The resulting 30 parcent solids limestone/water slurry is
fed to the its storage tank which has a 12 hr storage capacity at' MCR.

Each ball mill has one mill product tank with a mixer, two 100 percent mill product pumps,

cyclone classifiers (spared), two bearing lubrication oil systems, and a gear lubrication system
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included. The limestone slurry storage tank has one mixer and two 100 percent feed slurry pumps
which pump fresh siurry to the absorber system. The limestone slurry preparation equipment is
located in an enclosure which contains the necessary stairways and platforms for access to the
equipment, heating and ventilation, lighting, control panel, overhead maintenance hoists, an electric
roll-up equipmaent access door, and a drainage sump. The sump is fitted with two 100 percent
sump pumps and a mixer.

Fans and Ductwork--

Flue pas exiting the existing ESP is diractad to two 50 percent ID fans by a section of
carbon steel ductwork. The 1D fans are sized to overcome the pressure drop of the absorber
module and the ductwork. From the ID fan outlets, a carbon steel duct directs the flue gas to the
absorber module entrance nozzle. The absorber module entrance nozzle is constructed of 3/16 in
thick C-276 alloy. After exiting the absorber tower, the flue gas is directed to the stack by a 3/16
in thick 317 LMN stainiess steel outlet duct. A carbon steel 100 percent absorber bypass and
three guillotine isolation dampers are included.

Absorber System--

Flue gas from the ID fan outlet is directed to the SO, absorber system, which utilizes a
single 100 percent capacity carbon steel, rubber-lined absorber module to remove 95 percent of
the SO,. Removal is accomplished by a countercurrent spray absorption process occurring in the
absorber module. By spraying limastone slurry into the flue gas, calcium carbonate (CaCO,) reacts
with SO2 in the flue gas to form hydrates of calcium sulfite (CaSO,) and calcium sulfate {CaS0O,).
The reacted slurry coliects in the absorber module recirculation tank. Air is blown into the
recirculation tank through a sparge ring at a stoichiometric ratio of 1.5 mol O,/mol SO, absorbed to
convert 99 percent of the sulfite to suifate. The recirculation tank is sized for 8 min retention time.
Mixers provide off-bottom suspension of the slurry solids. Large slurry pumps take suction from
the recirculation tank with each feeding an individual spray header. A perforated tray, located
below the spray zone, acts as a gas distribution device. A froth of recycled slurry develops on the
tray as flue gas passes through it, assuring optimum gas/liquid contact and promoting the
absorption of SO,.

Before exiting the absorber module, the fiue gas passes through two sets of mist
eliminators where antrained slurry droplets are removed. A mist eliminator wash system
periodically removes any collected solids from the mist eliminator. The pH of the recirculation tank
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slurry is monitored, with fresh limestone slurry added to maintain the optimal pH for the SO,
absorption/oxidation reactions. The density of the recycle slurry is controlled by the addition of
reciaim water to the recirculation tank. Spent recirculation slurry is pumped to the dewatering
system, as required, to maintain proper level in the recirculation tank. The cleaned flue gas exiting

the absorber tower is exhausted through a new wet stack.

Dewatering System—

The spent slurry is dewatered to a concentration of 35 percent solids by two 50 percent
capacity hydroclone clusters. Each cluster consists of several cyclones (spared) with carbon stee!
housings and snap-in rubber liners. The thickened underflow slurry is collected in a rubber-lined
launder and fed by gravity to a waste slurry tank. The waste slurry tank is sized for 16 hr storage
and fitted with an off-bottom mixer. One of two 100 percent waste slurry feed pumps directs
waste slurry to the vacuum filters. The overflow from the hydroclones is directed to a clarifier for
removal of the fine solids. A polymeric flocculant added to the clarifier assists the gravity settling
of fines. The solids settle to a discharge cone at the center of the clarifier where one of two
100 percent clarifier underfiow pumps directs the solids to the waste slurry tank. Clarified reclaim
water overflows the clarifier and is directed to a reclaim water storage tank which is sized to equal
the clear water content of the waste slurry tank. One of two 100 percent reciaim water pumps
returns reclaim water to the absorber, limestone preparation system, and other process eguipment.

- Two 100 percent capacity rotary drum vacuum filters dewater the waste slurry to an
B5 percent solids filter cake. The filtrate is directed to the clarifier for removal of the fine solids.
Conveyors transport the gypsum filter cake to the stack-out area where it is stored until it can be
trucked to a disposal site. For this evaluation, the disposal site is assumed to be an unlined landfill
located one mile from the gypsum stack-out area.

Absorber Area Enclosure--
An enclosure will be located at the base of the absorber tower. ht will support and/or
enclose:

s The absorber recirculation pumps
+ The oxidation air blowers

* The absorber tank mixers

« The absorber area sump
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* pH and density monitoring equipment

* Heating and ventilation

* Hoists and monorails

¢ Water strainers

* A control room with heating, ventilation, and air conditioning {HVAC)
¢ A room for electrical switchgear and motor control centers with heating and ventilation
¢ EqQuipment access roll up doors

* An instrument air system

* Restroom facilities

s Lighting

* Heat trace panels

» Elavator.

Vacuum Fitter Enclosure--

The vacuum filters and related process equipment will be located in an enclosure which
containg the necessary stairways and platforms for access to the equipment, heating and
ventilation, lighting, a control panel, overhead maintenance hoists, an electric roll-up equipment
access door, and a drainage sump fitted with two 100 percent sump pumps and a mixer.

Pipe Racks--

The design includes two 150 ft pipe racks for supporting pipe runs between the limestone
preparation system and the absorber system, and between the vacuum filter system and the
absorber system. The support elevation will be 20 ft above grade to clear roadways. The rack will
carry interconnecting piping, and electrical wiring in cable trays.

instrumentation and Controls--

The absorber system will be controlled and manitored from the scrubber control room
located in the absorber enclosure by scrubber operators. Absorber area equipment start/stop and
process control operations will be from the scrubber control room. The limestone preparation
system and the vacuum fiiter system will be started from local control panels. These systems will
be monitored from the scrubber control room where full start/stop capability will also exist. The
control system design includes computerized process control and an operator interface console.
System process status and annunciation of trouble spots are highlighted on computer graphics. It
is assumed that the plant will have a CEMS in place. It is recognized that each plant will have its
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own control philosophy and that any final design would have to make accommodations for the

plant’s unique facilities and requirements.

Electrical Equipment-—-

It is assumed that the plant can provide a power lead(s) from its 4160 VAC bus. The
design would include the necessary transformer(s) and switchgear to power the LSFO system
equipmeant. The electrical equipment room is Ibcated in the absorber area enclosure and will house
the 4160 and 480 VAC load centers, motor control centers, and lighting panel. A grounding grid,
120 VAC utility outlet and control power system, electrical heat tracing, and indoor and ocutdoor
lighting are also included. The interconnecting wire, conduit, and cable trays between the LSFO

system squipment and the electrical equipment room are included.

Heating, Ventilation, and Air Conditioning—

The absorber area, limestone preparation system, and vacuum filter enclosures will be
heated and ventilated, as will the electrical equipment room. The control room will be heated,
ventilated, and air conditioned.

Miscellaneous--

Two 50 percent instrument air systems complete with air dryers, filters, and air receivers
are included. Eyewash/safety showers are provided throughout the $ystem as required. A seal
water system is provided. Service water and service air stations will be provided as required
throughout the system. It is assumed that the plant will be able to supply seal water, service
water, and service air to the LSFO system.

LSFO FGD System Operating Manpower--

Additional operating manpowaer will be required to start, oparate, control, monitor, and shut
down the LSFO system. One control room operator per shift will start/stop remotely operated
equipment, set process flow conditions, monitor process operations, and respond to alarm
conditions. One outside oparator per shift {two on day shift) will start/stop locally operated
equipmant, walk down and monitor equipment operation, and respond to alarm and upset
conditions as requested by the control room operater. One full-time laboratory technician will
monitor scrubber chemistry and critical process parameters such as limestone quality, pH, density,
and fresh slurry grind size. Two full-time instrumentation and control {I&C) technicians will

troubleshoot and maintain the LSFO system controls and instruments. Four full-time machanics will
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perform maintenance on the system equipment. One full-time yard equipment operator will operate
a front end loader to fill gypsum disposal trucks and move limestone into the unioading bin. One
full-time supervisor will have responsibility for the optimum operation of the LSFO system and

provide supervision for the operating personnel. These requirements are summarized as follows:

LSFO system supervisor Day shift-5 day/wk 1
Control room operator 24 hr-7 day/wk 4
QOutside operator 24 hr-7 day/wk 4
Qutside operator Day shift-7 day/wk 2
Lab technician Day shift-b day/wk 1
I&C technician Day shift-5 day/wk 2
Mechanics Day shift-5 day/wk 4
Yard equipment operator Day shift-5 day/wk 1
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TABLE 26. COMMERCIAL LSFO FGD BYSTEM SCOPE OF EQUIPMENT
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ECONOMIC EVALUATION

Following on the design, instatlation, operation, and technical evaluation of the LIMB and
Coolside technologies, the economic analysis is the last step of the demonstration projects. In
keeping with the project goal to show generic applicability, the analysis attempts to present a
comprehensive summary for both processes. The parspective is one developed by those whe both
participated in each of the preceding steps and have direct access to corresponding information on
the LSFO technology with which the two are compared.

The costs of the LIMB, Coolside, and LSFO processas for each of the three coals and four
plant sizes used the same overall approach. Wherever possible, this included a level of engineering
typical of that used to provide actual budgetary estimates to customers in commercial applications.
Although the number of cases examined precluded absolutely unique analysis of each, individual
material balances established the basis for sizing and developing equipment lists. Whenever
necessary, new vendor quotations were obtained to supplement the current B&W equipment cost
data base which reflects costs on utility systems sold within the past year or two after passage of
the CAAA in late 1990. The reference plant and process design information included earlier in
Tables 17 through 22 established the bases for the scopes of equipment in Tables 23 through 25
from which costs were individually determined. Because it probably refiects the most widely
accepted methodology, EPRI's TAG™ was used as a guide for the analysis, with the vendor
quotations or pertinent costs from the current data base being inserted whenaever they were
considered to be more representative than more generic estimating techniques.

The discussion to follow tries to present the analysis in 8 formatlthat a utility might use in
determining the applicability of the processes as part of an overall compliance strategy, rather than
as a detailed listing of all the specific assumptions and costs made for sach and every case. Such
an approach recoghizes the uncertainty that arises from any of a number of site-specific
considerations that require individual analyses in the final decision-making process. General, rather
than expiicit, justification is used for choosing various factors for such things as construction and
maintenance because these factors are usually closely coupled with site-gpecificity. The summary
curves permit the individual reader to superimpose his or her own immediate concerns and make a

preliminary judgment regarding feasibility of a potential application.
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Costs are divided into the three major categories of capital cost, variable costs, and fixed
operating and maintenance {O&M) costs. The capital costs, or total capital requirement (TCR},
consist of the total plant investment (TPl}, preproduction costs, inventory, land, and interest during
construction (IDC). Variable costs include major consumables and disposal costs. Maintenance
costs for both labor and materials, operating manpower costs, and administration and overhead
costs constitute the fixed Q&M costs. Annual levelized requirements, expressed in terms of $/ton
SO, removed, and operating costs, expressed in units of mill/kWh, were also determined. A
constant dollar levelization technique, as outlined in TAG™, was used on the capital carrying
charges and operating costs in order to account for only real, and not inflationary, escatation.

Table 26 summarizes the economic premises. The costs for consumables, utilities, Jabor, and

disposal were derived from TAG™ and converted to 1992 dollars.

Capital Costs

The installed equipment costs {IEC) are calculated using the individual equipment costs {EC)
and construction factors {CF). The latter are discrete multipliers for each item in the scope of
supply and represent that percentage of each EC needed to cover both direct and indirect
construction costs. Direct construction costs include such things as field labor, factory equipment,
and field materials and supplies. Indirect construction costs are for such items as supervision,
payroll burden, tools, field engineering, and facilities. The construction factors were derived from
B&W Construction Company’s historical information, and are based an their wide range of
experience installing FGD and power plant equipment. As applied here, the construction factors
include so-called retrofit and site-factors and varied according to the specific requirements of
installing each piece of equipment,

The TPl is the sum of the |EC, engineering, general facilities, and process and project
contingencies costs. Engineering costs include the costs of engineering and home office overhead.
A factor of ten percent of the IEC is used, as this is the amount considered representative of the
FGD industry.

General facilities costs are the funds used to construct the general faciiities, including
roads, buildings, shops, and laboratories. A factor of 5 percent of the |EC, at the low end of the 5

to 20 percent range found in TAG™, is used since the cost for all of the buildings associated with
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TABLE 20. PREMISES FOR THE ECONOMIC EVALUATIONS

ums Coolside LSFO

Rafetenns date of cost estimats Aprit 1092 April 1902 April 1092
Unit mosk kite, ye 113 1% 15
Tax iide, yr 15 15 18
Leveiaing lacter for 18 yr carrying charges 0.139 0.129 0.139
Corwtructien pariod, yr 1 1 2.3°
Indirycy ooty g9 peroerd of totyl girect capityl

Garww sl taciities [ ] L] [ ]

Enginsering 0 10 10

Project contingency 18 AL 18

Procsss centingenay [ & 2%
Sormumsbisy, ucikties, (sbor, el dupossl cogts

Water, $/10 gal o.89 0.8 0.8%

Lime, $7ton deliversd [ ] [}

Lim $on del; d - - 17

Seda ash, SAen delivered - "7

Sulfuric aold (93 %), $en dalivered 102.40 102,40

Caal esst, $/ven 3400

Raplacsment power, $ AW (¥ ] [ ¥ ] [ F ]

Steam, $/10° b 18

Selide dispuast, $/ten Wiry) .28 s20 [ KX ]

Py ash evedit, $7en idry) [ 5] .28

Libhar rote, $AY - 2118 23.18

Land, $/acre - - 7410

S = S S

* The censtructien petied is deperdert upen plart se.

each of the processes was included in the IEC already.

The process contingency factor takes into account the capital costs associated with the
uncertainty inherent in a new technology. TAG™ values span the range of 0 to a high of
10 percent for processes that are in the commercial phase. A factor of 5 percent is agsumaed here
for the LIMB and Coolside processes, and a factor of 2.5 percent for the LSFO process. Process
contingency cost is calculated by multiplying this factor by the sum of the |EC, engineering, and
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general facilities cost.

The project contingency cost is similarly calculated according to the TAG™ procedures to
cover possible cost deficiencies caused by a less-than-final design/estimate. The project
contingency factor is multiplied by the sum of the |EC, engineering, general facilities, and process
contingency costs to arrive at the project contingency cost. The factor itself can range from 5 to
B0 percent, corresponding to 8 design/estimate ranging from finalized through preliminary to
simplifiad. Those prepared in this study fall into the preliminary category, which generally are
assigned values of 15 to 30 percent. Since the LSFO design/estimate satisfied all of the criteria for
a preliminary rating, the 15 percent factor was used. An 1B percent factar was chosen for LIMB
and Coolside since slightly lass detail was used in developing these designs.

Once the TPl has been determined, the costs for preproduction, inventory, iand, and IDC
are added to arrive at the TCR. in the case of LSFO FGD, the cost of iand was also added since
this technology is known to have certain space requirements. Those for LIMB and Coolside, on the
other hand, are regarded as insignificant. The procedure used to arrive at the casts for
preproduction, inventory, and IDC follow those outiined in TAG™.

Variable Costs

Variable operating costs are those associated with the major consumables and th; disposal
of waste products. These costs are dependent on flow rates and plant operating time. To arrive at
the yearly cost for any given consumable, the full-load, hourly rate of consumption is multiplied by
the unit cost, the plant capacity factor, and 8,760 hr/yr. The cost of disposal of waste products is
calculated in an equivalent manner from the feed rates and removal efficiencies. The total
represents the annual variable operating cost. Appendix F contains a summary table of consumabie
usage and waste disposal quantities for all the cases, as well as motor lists specifying the quantity
of each, the horsepowaer rating of the motors, and the associated operating power in kW.

Fixed Costs

Fixed costs are those associated with operating labor, maintenance, and administrative
overhead. Operating labor costs are determined by multiplying the number of jobs required to
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operate the plant by the average hourly labor rate and by 8,760 hr/yr. Annual maintenance costs
are calculated as the product of the TPl and a maintenance factor related to the severity of the
service environment. The range in TAG™ runs from 1 percent for abrasive conditions to over 10
percent for very corrosive conditions. In this study, a common value of 4 percent was seiected
based on the assumption that the potential for abrasive conditions in LIMB and Coolside is no more
expensive than the potential for corrosion in LSFO. Forty percent of the total is ascribed to
maintenance labor and the balance to maintenance materials. Administrative and overhead costs

are assumed to be 30 percent of the maintenance labor and operating labor costs.

Appendices G, H, and | contain examples of the detailed summaries resulting from the
economic analyses of the LIMB, Coolside, and LSFO processes, respectively. The data are
prasented for the 150 MWe cases with 1.5, 2.5, and 3.5 weight percent sulfur coals and using
commercial hydrated calcitic lime as the LIMB sorbent.

ECONOMIC COMPARISON OF LIMB, COOLSIDE, AND LSFO FGD

The comparison of LIMB, Coolside, and LSFO capital and annual levelized costs are
summarized in Tables 27 and 28, respectively, for each of the 38 cases evaluated. Tha same
information is presented in a series of figures, discussed in sets of three, which depict the costs as
a function of size expressed in terms of the unit’s nominal generating capacity. The effect of
increasing coal sulfur content from 1.5 to 2.5 to 3.5 weight percent is shown within each set of
three graphs. Total capital required is expressed on a $/kW basis. The annual levelized cost,
calculated in terms of $/ton SO, removed with a basic assumed book life of 15 yr, accounts for the
operating and maintenance costs associated with each case. Operating costs in particular are also
presentad on a mill/kWh basis.

TABLE 27. CAPITAL COST COMPARISON, $/&W

Cod 100 M 180 MW 260 Mwe 600 Mwe
Sulhsr,
wt % LiMs Cooleide LSFO Lima Cocinide LSFO umMs Cooleide LSFo LIS Cocinide LSFO

1.6 160 413 ” [ 1] 183

2.6
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TABLE 28. ANNUAL LEVELIZED COST COMPARISON, $/ton SO, removed "

Codl 100 MWe 150 MWe 260 Mive 500 Mwe
?::' LMB  Cooleide LSFO  LMB  Coslide LSFO  LIMB  Cooleide LSFO  UMB  Coole: L5FO
18 ) 843 1418 83 797 1008 B4e 704 ] 480 8o €23
25 LT 708 s 820 524 w2 458 587 30 418 02 411
36 526 020 eet 401 570 527 4 528 413 92 an2 321

® 15 yr book e sseumed.

Following the discussion of the basic capital and levelized costs, the concluding portion of
this economics section presents figures depicting the sensitivities of the LIMB and Coolside costs to
changes in those conditions most likely to affect costs in actual applications. These sensitivities
include the effects of plant capacity factor, unit book life, and reagent cost. LIMB-specific
sensitivities 10 sorbent choice and soothlawing requirements conciude the discussion of economics.

Capital Cost C "

The capital costs of the optimized LIMB, Coolside, and LSFO processes for coal sulfur
contents of 1.5, 2.5, and 3.5 weight percent appear in Figures 47, 48, and 49, respectively. The
plots reflect the economy of size, dropping quickly between the 100 and 250 MWae cases, and
then leveling off between boilers capable of 250 and 500 MWe. As would be expected, the LSFO
capital costs are significantly higher than those of LIMB and Coolside in all cases, primarily because
of the amount of equipment required.

For the cases studied, LSFO cipitai costs are 4.3 to 5.4 times LIMB capital costs, and 2.3
1o 2.8 times Coolside capital costs. Coolside capital costs are 1.6 to 2.3 times LIMB capital costs,
mainly because of the humidification requirement, A LIMB system designed for operation at close
approach to the adiabatic saturation temperature of the flue gas would have costs similar to those
of Coolside. Overall, capital cost economics favor the LIMB and Coolside processes for those

applications where high SO, removal efficiency is not required.
: | Levelized C C .

Corresponding to the capital cost comparisons above, Figures 50, 51, and 52 show the
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Capital Cost, $/kW
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Figure 49. Capital cost sensitivity of LIMB, Cooiside, and LSFO to unit size for
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annual levelized costs in terms of $/ton of SO, removed. These graphs again depict a drop in cost
as the unit size increases, with the greatest decrease occurring between the 100 and 150 MWe
sizes. For the cases studied, the annual levelized costs of LIMB and Coolside were found to
decrease as the coal sulfur increases, even though operating costs (discussed in the next
subsection) increase. Howaver, the lower utilization of sorbent with these technologies causes the

difference to become less pronounced as the size increases.

For the 1.5 weight percent sulfur coal case, both LIMB and Coolside show favorable
economics compared to LSFQ for all unit sizes examined. The fact that LIMB economics are lower
than those of Coolside for all cases is again attributed to a significant extent to the cost of
humidification to a close approach temperature. For the 500 MWe case, LSFO costs are nearly
aqual 1o those of Coolside, indicating that LSFQ economics begin to become favorable for units this
large and larger, even for the relatively low sulfur coal. For the 2.5 weight percent sulfur coal,
LIMB maintains favorable economics in comparison to those of LSFO up to about 450 MWe, and
Coolside up to about 220 MWe. LIMB continues to show favorable economics in comparison to
Coolside for all cases, though the reader is reminded that site-spacific circumstances might easily
make the difference less significant. For the 3.5 weight percent sulfur coal, LSFO is the preferred
choice over Coolside except for the 100 MWe case, and over LIMB for units larger than about 240
MWe in size. LIMB economics remain lower than those of Coolside over the whole range for the
same reasons mentioned above.

Operati | Maint Cost C .

Since the annual levelized costs represent the overall combined costs, utllity personnel find
it instructive to examine the operating costs alone on a mill/’kWh basis. Table 29 contains this
information for all 36 cases. Fixed and variable operating costs are separately listed, along with
the total of the two. The costs presented are first-year costs and are based on net kWh and a 65
percent capacity factor. As noted earlier in this section, the fixed operating costs include operating
labor, maintenance labor and materials, and administration and overhead. The variable operating

costs include reagents, power, water, and steam usage, and waste disposal costs.

Because these operating Costs constitute a substantial portion of the levelized costs, they
exhibit the same types of trends, except that lower utilization drives up the cost per kilowatt-hour
as coal sulfur increases for a given unit size. LIMB and Coolside operating costs are generally iower
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Coul 100 M 150 M _IsOMwe 600 M

wt % LMB Codiside LSFO ums Coolside LSFO ums Cooclside LSFO LIMB Couvigice LSFO

1.5 0.08 1.87 4.37 .48 1.18 R | 0.33 R 1] 2.20 0.22 0.80 1.42
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18 2.82 2,88 1 2.07 2.8 2.02 2.54 20 1.4 2.8 .77 1.08
25 4.30 4.00 .72 4.8 417 2.58 4.03 4.76 2.51 3. 4.70 241
3.6 s.01 7.1 3.29 5.08 7.08 3.8 652 7.06 .12 G.49 7.02 2.0
syl Opereting Cogts
15 3.60 4.45 .48 3.6 4.01 6.20 2.7 70 4,14 2.73 3.37 3.28
2.8 4.08 832 7.14 4.88 &.87 a.rs +.38 5.08 +.76 £.24 5.34 3.88
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'hﬂd-u'ﬁulﬁu,mmmmdmm.ﬂ chrrvirsaty stion and overhead
'Mﬂm.m.wn.dmw.uwmmum.

than those for LSFO for smailer units burning the iower suifur coals. As boiler size and coal suifur
content increase, the LSFO operatihg costs gradually swing the economics in favor of this
technology.

COST SENSITIVITIES

The base case economics discussed above assumed a 85 percent unit capacity factor, a
figure used in TAG™ for a base-loaded plant. The LIMB and Coolside technologies are viewed as
being particularly applicable in retrofit situations for smaller, older plants. Since this population of
boilers undoubtedly operate over range of capacity factors, cost sensitivity 1o this variable is
thought to be especially pertinent. As a result, the economics at 40 and 75 percent capacity
factors were aiso determined. Figures 53, 54, and 55 present the annual levelized costs for all
cases at a plant capacity factor of 40%. The results show that lowering the plant capacity factor
shifts the economics toward LIMB and boolside. Coolside is favored over LSFO for the 1.5 weight
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Figure 53. LIMB, Coolside, and LSFO annual levelized cost sensitivity to unit size
with 40 % capacity factor and 1.5 weight percent sulfur coal
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percent sulfur coal case, up to about 400 MWe for the 2.5 weight percent sulfur coal case, and up
to approximately 210 MWe for the 3.5 weight percent sulfur coal case. LIMB is favored over LSFO
in all 1.5 and 2.5 weight percent sulfur coal cases, and up to about 500 MWe in the 3.5 coal sulfur
case. LIMB is favored over Coolside in all cases. Including provision for operating a LIMB system
close 10 the saturation temperature to improve SO, removal would be expected to minimize or
siiminate this advantage.

Figures 56, 57, and 58 present the annual levelized costs for all cases at the higher plant
capacity factor of 75 percent. As would be expected, the results show that increasing the plant
capacity factar limits the applicability the LIMB and Coolside processes in comparison to LSFQ.
Under this assumption, Coolside is favored over LSFO up to about 450 MWe for the 1.6 weight
percent sulfur coal case, and up to 180 MWe for 2.5 weight percent sulfur coal case. The
advantage goes to LSFO for the 3.5 weight percent sulfur coal case for all unit sizes. LIMB is
tavored over LSFO in all cases for the 1.5 weight percent sulfur coal case, up to 340 MWe for the
2.5 weight percent sulfur coal sulfur case, and up to 175 MWe for the 3.5 weight percent sulfur

coal case. The unit sizes favored by the technologies are summarized in Table 30.

TABLE 30. UNIT MZES (MWl FAVORING LIMB AND COOLBIDE AS A FUNCTION OF CAPACITY FACTOR - RELATIVE TO LSFO ECONOMICS

Unit Capacity Facter, %

Cosl Sulfur, wt % 40 u\ 7

UMB vy, LEFO

1.5 LIS favered” LIMB favered LIMS favored”

25 LIMB favored <480 £340

E1 =800 £240 =178
Cooleide vy LEFO

1.5 Coolaide favered” %500 <480

2% %400 £220 =180

18 £210 £100 LSFO favored "

* incicetes the tectmalogy i Oenerally fTavored up to ot least the maximum of BOO MW evelusted.

f Uni k_Lif

Base case economics were determined with an assumed 15-yr plant book life. For actual
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with 75 % capacity factor and 1.5 weight percent sutfur coal
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retrofit installations, this may vary significantly or change as time passes. in order 1o provide some
estimate of the effect on the economic analysis, additional annual levelized costs were determined
tor each case for book life spans of 5, 10, 20, and 30 yr. The results presented in Table 31 show
that LIMB and Coolside tend to have the economic advantage over LSFQ as the plant book life is
lowered. Reducing the book life favors the lowest capital cost option because capital costs
increase proportionaily for each case, while the operating expenses remain constant. As a result,
oider plants will tand to be sites where application of the lower capital cost LIMB and Coolside
processes will be favorsd.

TABLE 31. EFFECT OF UNIT BOOK LIFE ON ANNUAL LEVELIZED COSTS, $Aon $0, removed

Unit Back Lite, yr

:‘: ’f‘: ' 3 10 20 _ 3
MWe Wi% UMB Coolids LSEO LIMB Coeclside LSFO LIMB  Coolide LSFO LMB  Coolside  LSFD
100 1.8 1083 1368 2267 a8s 1044 1823 760 [ 1 2] 1328 728 54 1238
100 28 7 "o 1408 840 708 1020 7% sTe 38 e o"®2 19
100 s [ [ ] ”e 1038 [ 1] [ 3]} 768 [ 1] *0e 24 488 e L2 1)
150 15 287 118 1732 708 s 1263 781 1027 807 729 »e2
150 2.8 [} 229 1077 [ - 2} 73 T80 08 [ -} [ | ] 4" 0 o
150 Y 3 81 720 C T 08 e 480 [T a8 a0 537 487
%0 15 ass 70 1204 [ * 3 88 e 832 a7 790 818 a7 732
280 28 | © ¥ 734 [+, ] 478 a0 08 446 [ 28] 507 436 = a4
%0 38 P ("] @2z W %7 s an 513 W0 403 500 e
500 15 (1) ™ " 08 e 704 488 e 80 458 (1) (T3
$00 2.8 498 a28 [ 3] } 433 833 491 408 48 EL L] 401 478 388
£y ] 47 578 473 408 08 % e 471 304 0 Il P

For the base case analysis, the hydrated calcitic lime cost was assumed to be 64 $/ton for
LIMB and Coolside, while limestone cost was assumed to be $17/ton for LSFO. The values were

costs suggested in TAG™ (adjusted for escalation). Reagent costs can vary significantly with
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geographic location, transportation methods and distances, and market demands. The effects of
lower and higher reagent costs on the annual levelized costs were determined. The change in
reagent cost was expressed in terms of a percentage, as shown in Figure 59. A 10 percent
reduction in reagent cost effects corresponding decreases of $4, $18, and $26 per ton of SO,
removed for LSFO, Coolside, and LIMB, respectively. A 5 percent higher reagent cost results in
increases of $2, $9, and $14 per ton of SO, removed for LSFO, Coolside, and LIMB, respectively.
Overall, this portion of the analysis is another indication of the greater sensitivity of LIMB and
Coolside to sorbent utilization.

Effect of Sorbent Choice on LIMB Economics

Related to the effect of changing reagent cost, the choice of sorbent for LIMB applications
in particular affects the annual levelized costs of this technology. Costs were examined for the
three commercially available materials - hydrated calcitic lime, type-N hydrated dolomitic lime, and
calcitic limestone. As mentioned early in this section, the major impact of changing sorbent is on
the operating costs. Somae differences in the capital cost requirements would be expected for
reasons related to density or purity (e.g., somewhat larger silos or transfer equipment capacities).
Howevaer, these are considered minimal in comparison to the impact on operating costs.

The changes in aperating costs would come about not only as a result of the cost of the
sorbent itself, but also because of the tonnage that must be injected, the change in removal
efficiency, and the cost of ash disposal. For the purposes of this evaluation, the delivered cost of
dolomitic lime and calcitic lime are assumed to be equal at $64/ton, and the cost of limestone to be
$45/ton delivered. The cost for lime is an escalated value from 7AG™, and that for limestone is
derived from B&W vendor information. This limestone cost was assumed for supply of pulverized
{100 percent passing through 325 mesh [44 ;m]) material by an outside vendor. While the
possibility exists that a utility would choose to buy coarse material and grind it on site, this
variation was not expected 1o be sufficiently likely to warrant the more detailed analysis that would
be required for this one variation. Though it may be off by some amount, the $45/ton figure is
probably a reasonably equivalent cost for the utility to grind its own limestone.

The impact of choosing different sorbents on the annual levelized costs of LIMB is shown in
Figures 60, 61, and 62 as a function of unit size. The SO, removal efficiencies for the three
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sorbents were set at 50 percent for calcitic lime, 55 percent for dolomitic lime, and 30 percent for
calcitic limestone, with one plot for each of the three coals examined., For all cases, the limestone
costs are higher than those for calcitic lime, with the cost difference being on the order of $450 to
600/ton SO, removed for any given plant size while burning any of the three coals. The calcitic
lime appears to have about a $200/ton SO, removed advantage in the comparison with dolomitic
lime for the ranges of both plant size and coal sulfur evaluated. While these figures clearly point to
calcitic lime as the sorbent of choice, site-specific delivery and ash hauling costs can influence this
particular segment of the economics dramatically.

f lowing Regui n n

A key factor in maintaining boiler efficiency with the LIMB system is the proper design of
the sootbiowing system. It is generally expected that additional sootblowers would be required in
most applications, espacially in the convection pass area of the boiler. The base case economic
analysis assumed the need for four additional sootblowers for the 100, 150, and 250 MWas cases,
and six for the 500 MWe case. The actual number of additional sootblowers required would be
very site-specific, and would depend upon the basic boiler design, coal and ash characteristics, and
reagent characteristics. In anticipation of the possible variations that might be encountered, the
effects on capital and annual levelized costs for the reference plants are presented in Figures 63
and 64, respactivaly. The results were determined per pair of sootblowers that could be added

since such modifications tend to follow symmetric patterns more often than not.
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SECTION 10
SUMMARY AND CONCLUSIONS

The DOE LIMB Demonstration Extension Program showed that substantial reductions in SO,
and NO, emissions are possible, using furnace sorbent injection to reduce SO, and low NO, burners
to reduce NO,. The SO, was reduced by as much as 70 percent while injecting ligno lime at a
stoichiometry of 2.0 and humidifying to a 20°F approach to adiabatic saturation. Removal
efficiencies of 61 percent were demonstrated while injecting the same sorbent at a stoichiometry
of 2.0 with the humidifier operating only to maintain ESP performance. NO, levels were reduced to
an average of 0.43 |b/10* Btu over the demonstration, well below the goal of 0.50 1b/10° Btu.

The demonstration of the generic applicability of LIMB technology, coupled with similar
success with Coolside technology, more than met the project’s objective of building upon the
knowledge base gained during the original EPA LIMB demonstration. With regard to the LIMB
process, systam operation succeeded in characterizing system performance of the four sorbents.
The LIMB Extension portion of the demonstration took place between April 1990 and August 1991,
while three coals with sulfur contents of 1.6, 3.0, and 3.8 weight percent were burned in the 105
MWe boiler at Ohio Edison’s Edgewater Station in Lorain, Ohio. The sorbents tested were
commercial calcitic hydrated lime, the same lime with a small amount of calcium lignosulfonate
added, a type-"N" atmospherically hydrated dolomitic lime, and calcitic limestone. Three
increasingly finer grinds of pulverized limestone were tested. With ths exception of the
limestone/3.8 weight percent sulfur coal, all the basic coal/sorbent combinations were tested
between the original LIMB Demonstration and the LIMB Extension projects. Tests with this one
combination were not attempted because the relatively low SO, removal efficiency of this sorbent
would have made it unnecessarily difficult to obtain data within a reasonable time period and still
maintain compliance with the plant's 30-day weighted rolling average SO, emission limit of 3.4
Ib/10° Btu.

RESULTS SUMMARY

The SO, removal capabilities of the sorbents were characterized over a range of Ca/S
stoichiometries while firing each of the different coais. All of the sorbents tested were found to be
capable of SO, removal. Ligno lime offered the greatest reduction in SQ,, followed in order by
hydrated caicitic lime, hydrated dolomitic lime, and caicitic limestone. The removal efficiencies
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with limestone were about 30 percent, absolute, less than the calcitic lime. A summary of the SO,
removal efficiencies obtained is presented in Table 32.

The calcitic limes were found to be somewhat more effective than the type-"N" dolomitic
lime on a Ca/S basis. The unreactive MgO component of the dolomitic lime makes it necessary to
feed and remove material at higher rates for any given Ca/S ratio. Site-specific conditions,
particularly those related to the possibility of low-cost, local supply, may stili make this sorbent
economical for some applications.

Contrary to results obtained with ligno lime during the original LIMB Demonstration, tests
here indicated, at best, only a slight advantage in its use as compared to the commercial hydratad
calcitic lime from which it is made. The possibility exists that the apparent lack of reproducibility
arose out of manufacturing or handling differences, but neither could be proven from the tests
conducted.

The results also showed that the finer the limestone, the greater the reduction in SO,
emissions. The sizes tested included BO percent through 325 maesh {44 ym), 100 percent through
325 mesh, and 100 percent less than 10um. At a common reference Ca/S molar stoichiometry of
2.0 while burning the 1.6 weight parcent sulfur coal, the very fine material reduced SO, emissions
by 38 percent, the midsize by 31 percent, and the coarse material by only 22 percent.

More extensive tests were run during the LIMB Extension than in the griginal project to
determine the effect of injection level on removai efficiency. Sorbent injection points in the
Edgewater boiler were located at piant elevations of 181, 187, and 191 ft. Test results indicate
that SO, removal was about 5 absolute percent lower at 191 ft as compared to that obtainad at
the lowest level. Injection at elevation 187 ft appeared to fall in between the two. Given the
much wider variations that had been observad in pilot tests, the results suggest that all three levels
were close to optimal for this unit. It is noted, however, that the effect is intimately connected
with proper mixing and dispersion of the injected sorbent into the temperature window required for

maximum removal.

Humidification of the flue gas to within 20°F of its adiabatic saturation temperature
continued to show about an absolute 10 percent increase in SO, removal with any of the sorbents
tested. This is similar to what had been observed during the original LiMB Demonstration project.
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The only other correlation found was that between removal efficiency and inlet SO,
concentration {coal sulfur}. Results indicated that higher concentration tended to result in slightly
higher SO, removal for any given set of conditions. For the range studied, the effect is not a
strong one, however.

Examination of the NO, emission data showed that the B&W DRB-XCL™ burners continued
to perform as they had during the original demonstration. The overall average NO, emission of
0.43 1b/10* Bt translated into 24-hour and 30-day weighted rolling averages of 0.44 1b/10°® B,
where coal firing rate was the weighting factor. Attempts to correlate minor variations in NO,
emissions with load, excess air, the identity of pulverizers/burners in service, and coal fineness
were unsuccessful. Since tests on individual burners have shown that each of these can affect
NO, emissions, it is suspected that the results in the full-scale furnace at Edgewater reflect a
commingling of all, with the added influence of individual preferences of the operators.

Particulate emission control, as monitored in the form of continuous opacity measuraments,
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indicated that minimal humidification was effective in maintaining ESP performance throughout the
LIMB Extension. The fact that littie or no humidification was needed when the coarse limestone
was in use was in sharp contrast to its being essantial when the limes were injected. Since air
heater outlet temperatures also remained relatively low during injaction of this limestone, one must
question what the relative effects of size, particulate composition, flue gas water concentration
{both in liquid and gas phase), and temperature are on ESP efficiency. Resolution of these effects
was far beyond the scope of the project. Evaluation of the opacity data with that obtained during
periods without sorbent injection became the primary means of comparison when time and cost
constraints precluded the more intensive inlet/outlet loading tests that would have been necessary

to assess performance directly under all the conditions tasted.
OPERATIONS SUMMARY

Operation of the LIMB system over the course of 16 months showed it to be available
about 95 percent of the time the boiler was operational. Roughly half of the outage time was
associated with mechanical failures of the atomizing air compressor, the solids pump, and a weigh
cell on the fead silo -- failures not specific to the technology. Plugged sorbent lines were a
process-related problem early in the testing, though proper purging of lines before shutdown and
the installation of service air connections soon reduced this to a negligible concern. The remaining
downtime is primarily accounted for by two process-related incidents that included one major
cieaning of harder deposits in the humidifier, and rebaiancing of the humidifier lance flows following
the fdrmation of these harder deposits. The experience points to the need for careful design of the
humidification system, especially when close approach to saturation temperatures is desired. In the
latter case, a downflow humidifier with a hopper at the bottom would be the preferred
configuration if space permits.

Reduced heat transfer, as evidenced by elevated air heater outlet temperatures, continuaed
to be the most noticeable effect of sorbent injection on the operation of the boiler itself. The
greater the rate of sorbent injection, the more heat transfer was reduced until an equilibrium
condition is established with sootblowing. Fortunately, there was no indication of any substantial,
adherent deposits on the tube surfaces in spite of the substantial increases in particulate loading,
Sootblowing easily removed the accumulation of ash on the tubes, though the need for careful
planning of both the coverage and capacity of the system was identified. Some reduction of air
heater outlet temperatures was realized by increasing the capacity of the existing sootblowing
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system in the change from compressed air to steam. Experience gained during the LIMB Extension
suggested that more effective coverage would have reduced these temperatures to normal levals.

Somewhat surprisingly, aimost no effect on the air heater outlet temperature was seen
during injection of the more coarse limestone sorbent. Even when higher feed rates were used, the
temperature remained near 300°F. Although a particle size effect is suspected because there was
some indication of increasing temperatures in the short time when the very fine limestone was
injected, no specific reason(s} have baen identified.

Alternate mathods of unloading the quicklime-laden LIMB ash are seen as eliminating the
difficulties encountered at the Edgewater facility. These stemmed from release of steam as a result
of the exothermic reaction between quicklime in the ash {from excess sorbent) and water added
both to rehydrate the quicklime and to control fugitive dust during disposal. At Edgewater, fans
added to keep the steam from blocking the operator’s line of sight proved to be less than fully
effective, and at times depended on wind direction and the amount of steam being evolved. Qff-
site hydration with radial stacking to allow steaming to subside, though impractical for the
Edgewater demonstration, would have avoided the problem entirely. Totally dry removal as a
byproduct is another possibility, as on-going studies continue to evaluate the potential for
byproduct use associated with the cementitious properties of the ash for such purposes as soil
stabilization and use as a synthetic aggregate.

ECONOMICS SUMMARY

The economics of flue gas desulfurization by the LIMB, Coolside, and LSFO technologies
wers determined in the form of what essentially constitutes budgetary cost estimates for twelve
cases sach. Process designs were based on optimized, commercial, retrofit installations with
assumed SO, removal efficiencies of 60, 70, and 95 percent, respectively. The basic sets of
reference plants were assumed to burn 1.5, 2.5, and 3.5 weight percent sulfur coal in units of
nominal 100, 150, 250, and 500 MWe capacities. Comparisons made included those of capital
costs on a $3/kW basis, annual levelized costs on a $/ton SO, removed basis, and fixed and variable
operating costs on a mill/kWh basis. Sensitivities of the economics to capacity factor, book life,
and reagent cost were determined for all three processes. The effects of sorbent choice and
sootblowing on the LIMB process were examined separately because of their particular influence on

the economics of this technology.
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Avaraged over all the cases studied, the total, installed, capital cost of LSFO was found to
be roughly 2.5 timaes that of Coolside, and about 4.8 times that of the LIMB process. The instalied,
capital cost of the Coolside process was found to be approximately 1.9 times that of the LIMB
process with minimal humidification. Inclusion of the capability to operate LIMB at close approach
to the saturation temperatura, to improve SO, removal, is expected to minimize or eliminate this
advantage.

Similar comparison of the annual levelized costs show LIMB to be economically favored
over LSFO for all unit sizes studied while burning 1.5 weight percent suifur coal, for those up to
450 MWe while burning 2.5 weight percent sulfur coal, and for those up to 240 MWe while
burning 3.5 weight percent sulfur coal. Coolside is favored over LSFO for sizes up to 500 MWae
while burning 1.5 weight percent sulfur coal, for those up to 220 MWe while burning 2.5 weight
percent sulfur coal, and for units up to 100 MWe while burning 3.5 weight percent sulfur coal.

The sensitivity analyses show that lower plant capacity factors favor the LIMB and Coolside
processes, as does shorter book life. Varying the reagent costs has a greater effect on LIMB and
Coolside economics than it does on the LSFO process economics, primarily because of lower
sorbent utilization. The resuits of these sensitivity analyses reflect what would be expected
because of the relatively higher operating costs for the LIMB and Coolside processes when
compared to LSFO.

Finally, the economic analyses highlight the fact that further optimization of the
technologies should focus on improving sorbent utilization. Such studies are in progress, notably
within laboratories at EPA, several universities under sponsorship of OCDO, the lllinois Clean Coal
Institute {formerly the Center for Research on Sulfur in Coal), and private industry. Advances in
these technologies are expected to offer increasingly more cost effective options for older, smaller

plants to reduce emissions simply and reliably.
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APPENDIX A: METRIC CONVERSION TABLE

T nv T

micron

cfm (actual - acfm, standard - scfm)
f2/1000 ¢fm

gr/dscf (6B°F)

7)o

in WC (38.2°F)

Ib/10° Btu

°F
oF
psig

I

333 £-“5553333

m/s

m3/s
m?/1000 m’/s
kg/m?® (273 K)
kg/m?

Pa

ng/J

c
K
Pa {absolute)

203

Muyltiply by

1.000 x 10
2.540 x 10
3.048 x 10"
2.540 x 10*
1.609

4,536 x 10"
9.072 x 10?
1.055 x 10°
7.460 x 10?
4,047 x 10°
3.785 x 10
2.832 x 102
3.048 x 101
4,719 x 10+
1.968 x 102
2.288 x 10°
1.602 x 10’
2.491 x 10?
4.299 x 107

C = {5/9){°F-32)
K = 273.15 + (5/9){°F-32)
Pa = 6895 (psig + 14.7)



APPENDIX B: DETAILED SYSTEM DESIGN

Sorbent Storage and Handling Svstem

1.

Storage Silo Baghouse
a). General Information
Service
Number of Collectors
Type
Manufacturer
Model
b). Sizing Information
Air Flow, ACFM
Collected Material Density, Ib/ft’

Air to Cloth Ratio, ACFM/ft?
Pressure Drop Across Bag, in WC
Operating Frequency, hr/day
¢). Bag Cleaning
Type of System
Storage Silo
al. Design Information
Design Pressures
Maximum Positive, in WC
Maximum Negative, in WC
Design Material Density
Structural, lbAt
Volumetric, ib/ft®
b). Sizing Information
Storage Capacity at Design Conditions, hr
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3. Aerator
a). General Information
Type Aerator
Make Fuller Company
4. Storage Silo Blower
a). General Information

Service Storage Silo Blower

Number Supplied One (1)
Manufacturer Sutorbilt
Type itlv

b}. Sizing Information
Rated Transport Capacity, Ib/hr 1027 (227 CFM)
Rated Discharge Pressure, psig ]
Discharge Temperature, °F 200

c). Motor Information
Manufacturer Reliance Electric
Voltage/Phase/Cycle 460/230 /3 /60
Horsepower 10
Speed, rpm 1800
Enclosure Type TEFC
Frame Size 215-T

5. Fidizing Air Dryer

a). General Information
Service Dry Fluidizing Air
Number Supplied One (1}
Manufacturer Pionger
Type Refrigerant

b). Sizing Information
Rated Transport Capacity, SCFM 245
Rated Pressure Drop, psig 3
Rated Qutlet Dewpoint, °F 50
Rated Discharge Temperature Within 25°F of Inlet Air
Water Flow, gpm 12
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6. Storage Silo Feed
a). General inform
Manufacte

Model Nur

b). Sizing Informa
Capacity,

¢). Motor informa
Manufact

Voltage/Pt

HaAareanma:



8. Feed Silo Baghouse
a). General Information
Service
Number of Collectors
Type
Manufacturer
Model
b). Sizing Information
Air Flow, ACFM
Collected Material Density, 1b/ft®
Air to Cloth Ratio, ACFM/ft?
Pressure Drop Across Bag, in WC
Operating Frequency, hr/day
c). Bag Cleaning
Type of System
9. Fead Silo
a). Daesign Information
Design Pressures
Maximum Positive, in WC
Maximum Negative, in WC
Design Material Density
Structural, Ib/t®
Volumetric, Ib/ft*
b). Sizing Information

Storage Capacity at Design Conditions, hr

Feed Svstem
1. Feed Silo Bin Vibrator
a}. General Information
Service
Type
Manufacturer
Model Number

207

Eeed Silo

Intermittent

min

Pulge Jet

R

B



2. Sorbant Differential Weight Loss Feeder

a). General Information
Manufacturer
Model Number
Quantity
b). Sizing Information
Capacity - Each, min to max ton/hr
Rotary Feeder
a). General Information
Service
Manufacturer
Mode! Number
b). Sizing information
Pocket Efficiency, %
Design Capacity, Ib/hr
Number of Pockets
Sealing Capacity, psig
Feed Silo Feed Pump
a). General Information
Manufacturer
Model Number
b}. Sizing information
Capacity, ton/hr
¢). Motor information
Manufacturer
Voitage/Phase/Cycle
Horsepower
Speed, rpm
Enclosure Type
Frame Size

Service Factor
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Acrison, In¢,
403- . -BDF4-
Two (2)
-11 Lim -11

| Nnvayil
Beaumont Feeders. inc,

STT Mark Il Type R2
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Conveying Air System
1. Conveying Air Compressars
a). General Information

Service veyin

Number Supplied Qne {1}

Manufacturer Hair rati

Type Botary Screw
b). Sizing Information

Design Transport Capacity, SCFM 773

Design Discharge Pressure, psig 60

Discharge Temperature Within 15°F of Ambient
c). Motor Information

Manufacturer Lincoin, inc.

Voitage/Phase/Cycie 460/3/60

Horsepower 125

Speed, rpm 1770

Enclosure Type QDP

Frame Size 405-TS

2. Conveying Air Dryer
a). General Information

Service Conveving Aje Drver
Number Supplied One (1}
Manufacturer Pyre Aire, Inc.
Type Refrigerated

b). Sizing Information
Rated Transport Capacity, SCFM 790 at 100 psig
Rated Outlet Dewpoint, °F 50

3. Conveying Air Receiver
a). General Information

Service nveving Ai ivar
Number Supplied One (1)
Manufacturer Brunner, Ing,
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3. Conveying Air Receiver {continued)

b). Sizing Information
Design Pressure, psi
Volume, gal

4. Conveying Air Filter

a). General Information
Service
Number Supplied
Manufacturer
Type

b). Sizing Information
Rated Transport Capacity
Minimum Particle Size, micron

Booster Air Svstem
1. Booster Air Fan
a). General Information
Service
Number Supplied
Manutacturer
Type
Arrangement
b). Sizing Information
Design Transport Capacity, SCFM
Design Discharge Pressure, in WC
Discharge Temperature
c). Motor Information
Manufacturer
Voltage/Phase/Cycle
Horsepower
Speed, rpm
Enclosure Type

Frame Size
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nir m
1. Acid Storage Tank
a). General Information
Height, ft
Diameter, ft
Tank Material
Lining
Lining Thickness, mil
Covered
Overflow
b). Sizing Information
Capacity, ft
3. Acid Transfer Pump
a). General Information
Service
Type
Manufacturer
Model
Material
Pump Speed, rpm
b). Sizing Information
Capacity, gpm
Total Head, ft
¢). Motor information
Manufacturer
Voltage/Phase/Cycle
Horsepower
Speed, rpm
Enclosure Type
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4. Acid Metering Pump

a}. General Information

Service

Type
Manufacturer
Model
Material

Stroke Speed {per min)

Quantity
b). Sizing Information

Capacity, gpm

Discharge Pressure, norm/max psig

c). Motor Information
Manufacturer
Voltage
Horsepower

Speed, rpm

Enclosure Type

Humidification S
1. Humidification Air Compressor
a). Genera! information

Service
Manufacturer
Type

b). Sizing Information

Design Transport Capacity, CFM
Design Discharge Pressure, psig

¢). Motor Information
Manufacturer

Voitage/Phase/Cycle

Horsepower
Speed, rpm
Frame Size
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2. Atomizing Water Pump
a). General Information
Service
Manufacturer
Model
Size
b). Sizing Information
Design Transport Capacity, gpm
Design Discharge Head, ft
c). Motor Information
Manufacturer
Voltage/Phase/Cycle
Horsepower
Speed, rpm
Enclosure Type
Service Factor

Reheater Svstem
1. a). General Information
Manufacturer
Airflow
Construction

b}. Sizing Information
Design Pressure, psig
Design Temperature

213

m



Coolside Caustic Feed §

Caustic Holding Tank with Spill Containment
a). General Information
Service
Height x Diameter, ft
Type
Fabricator
b). Sizing Information
Tank Capacity, gal
Working Capacity, hr
Working Capacity, gal
Steel Containment

cj. Construction
Tank Bottom Plate
Tank Shell and Cover
Steel Containment

Caustic Pump

a). General Information
Service

Manufacturer
Model
b). Sizing Information
Design Transport Capacity, gom
Design Discharge Head, ft
c). Motor information
Manufacturer
Voltage/Phase/Cycle
Horsepower
Speed, rpm
Service Factor
Enclosure Type
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Coolside Recycled Ash Feed Svstem

Rotary Feeder

a). General Information
Service
Manufacturer
Model
Type
Quantity

b). Sizing Information
Capacity, lb/hr
Density of Ash, Ib/ft®
Rotor Displacement, ft*/rev

c). Motor Information
Horsepower
Enclosure Type

Transport Hose

a). General Information
Service
Manufacturer
Model
Type

b}. Sizing Information
Inner Diamater, in

Transport Air Compressor

a). General Information
Service

Type

215

| h F Tran H
Smoot Company
ET-14
Eall Through, Rotary Aijrlock Feeder
2
20.000
30-60
0.96
1.8
JEFC
Goodvear
Tap Flextra, MKFH-20
Rsinforced, Inner Lined
[}
Ash Transoport Ajr
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APPENDIX C: QUALITY ASSURANCE/QUALITY CONTROL
INTRODUCTION

A comprshensive quality assurance (QA) and quality control {QC) program was an integral
part of the LIMB and Coolside test programs and essentially consisted of a continuation of the
program begun under the original EPA-sponsored LIMB Demonstration Project. Radian Corporation
was again retained to provide virtually all the analytical support under the Quality Assurance Project
Plan (QAPP) prepared in accordance with EPA guidelines. The goal of the QA/QC effort was to
ensure that the data collected were of known accuracy and precision, and that they were as

complete and representative as the instruments and procedures used would permit.

The entire scope of the QA/QC program included a wide variety of flow, temperature, and
pressure measurements throughout the boiler and sorbent feed systems, in addition to those of an
analytical nature. Since this report is directed primarily at emission control aspects, the focus in
this summary focuses upon the analyzers that constituted the CEMS operated by Radian
Corporation at the ESP outlet location.

The concentrations of SO,, NO,, 0,, CO,, and CO monitored by this system were the basis
for determining the results presented in the main body of the report. The balance of this appendix
presents a brief description of this sampling and analytical system, followed by a summary of the
main QA/QC measures employed in the course of the project.

ntin issi 1

The CEMS probe was located in the 11.5 x 11.5 ft ESP outlet duct approximately
8.5 equivalent diameters downstream of the ID fan and 1.5 diameters upstream of a 90° bend. No
significant S0,/0, or NO,/0, stratification was experienced at this location because good gas
mixing occurred in the |ID fan. This was verified by S0,/0, and NO,/O, concentration profiles
determined for the ESP outlet duct during the baseline period of the original LIMB Demonstration,
prior to installation of the CEMS probe. No significant stratification was found; therefore, the
CEMS probe was located in the centroidal area of the duct. Stratification was considered to be a
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condition identified by a difference in excess of 10 percent between the average concentration in

the duct and the concentration at any point more than 1.0 ft from the side of the duct.

A schematic of the CEMS sample acquisition system after the probe is shown in Figure 14
in Section 5 of the report. The sample stream for the CEMS was acquired using a heat-traced
sample line maintained at a temperature of at least 120°C to prevent condensation of water in the
sampie line. To ensure representative measurements, all calibration and QC gases were introduced
at the inlet of this sample line. A gas conditioner, consisting of a chilled knock-out trap, provided a
dry pas stream for analysis. Data from the CEMS instruments were collected and recorded by the
microprocessor-based data acquisition/reduction system. A hard copy of the reduced data was
printed continuously and raw data was stored on disc.

Carbon Monoxide and Carbon Dioxide Analyses--

A Beckman Model 865-11 analyzer was used to measure CO concentrations in the flue gas.
This instrument is a non-dispersive infrared {NDIR) analyzer which measures the concentration of
CO by infrared absorption over a broad spectrum. A Beckman Model B65-23 NDIR analyzer
provided CO, concentration data. The typical instrument ranges used were 0 to 1000 parts per
million by volume (ppmv) for CO and O to 20 percent by volume (vol %} for CO,.

Oxygen Analysis—

A Thermox WDG-liIt O, analyzer continuously measured flue gas O, concentrations. This
analvier utilizes an electrochemical cell to produce a linearized voltage signal that is proportional to
the ratio of O, concentrations of a reference gas (usually ambient air} and the O, concentration of
the sample. The typical range used was 0 to 25 vol %.

Nitrogen Oxides Analysis--

A Teco Model 10AR analyzer was used for NO, measurement. This instrument determines
NO, concentrations by converting all nitrogen oxides present in the sample to nitric oxide and then
reacting the nitric oxide with ozone. The reaction produces a chemiluminescence proportional to
the NO concentration in the sample. The chemiluminescence is measured using a high-sensitivity

photomultiplier. The typical range used was O to 1000 ppmv.

Suifur Dioxide Analysis—
A DuPont Model 400 analyzer measured S0, concentrations during early Coolside tests, but
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was replaced by a Western Model 721A analyzer on September 27, 1989. This monitor was used
for the baiance of the Coolside demonstration and for alt LIMB Extension testing. Both analyzers
are based on the absorption of ultraviolet {UV] light in the 280 to 313 nanometer (nm) range. The
typical concentration ranges used were 0 to 2500 and 0 to 5000 ppmv for the Dupont and
Woestern analyzers, respectively.

SUMMARIES OF QUALITY ASSURANCE/QUALITY CONTROL MEASURES

The principal slements involved in the implementation of the QAPP consisted of an initial
certification period, periodic performance and technical system audits, and daily instrument drift

checks and calibrations. Each is summarized in the following subsections.
Certification T,

The continuous NO,, SO,, CO,, and O, monitors were certified according to procedures
outlined in the Code of Federal Regulations.” The procedures require that the relative accuracy and
calibration drift are within prescribed limits., Relative accuracy was determined by comparing the
average CEMS concentrations for each gas with the concentrations measured by EPA reference
methods. These manual measuremants were made at the ESP outlet sampling location about 20 ft
upstream of the CEMS sample probe. The tests with the DuPont SO, analyzer were compileted in
August 1988 along with the other instruments. The new Western SO, analyzer was certified in
September 1989 prior to its replacing the DuPont equipment which had become increasingly diffi-
cult to keep in calibration. The results of the relative accuracy tests are summarized in Table C-1.

TABLE C-1. SUMMARY OF THE CEMS AELATIVE ACCURALY TEST AERULTS

Anatyzer B4 Asterencn Number Aalative Aelative Acciracy
Mothad Number of Testa Acourscy, % Limit, %
30, DuPerw} . » 033 2
0, MWesterr) e ® .17 2
NO, 7 . 7y 20
0, 3 . 284 20
€0, 3 . 342 20

- - .- ]
" NA = Neot available.

" Performance Specifications 2 and 3, Code of Federal Regulations 4Q, Part 60, Appendix B,
July 1984, pp. 682-689.
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The calibration drift checks were conducted over a 168 hr (7 day) certification test period.
The magnitude of the drift was determined once each day at 24 hr intervals. The drift was
determined at both the low- {zero) and high-level calibration gas concentrations by comparing the
CEMS response with the calibrated or adjusted response recorded at the previous 24 hr calibration
cycle. The differences were recorded as a percent of instrument span for the SO, and NO,

monitors, and as absolute percent by volume for the O, and CO, monitors. Table C-2 summarizes

the results.
TABLE C-2. SUMMARY OF THE CEMS CALIBRATION DRIFT TEST RESULTS'
Standard Maximum Maximum € slilor stion
Analyzer Mean, % Devistian, % Pousitive Drift, % Negative Drift, % Drift Limit, %
50, DuPont} 1.38 3.42 3. -3.00 28
50, Western) ©0.10 0.83 1.1 -1.22 2%
NO, 0.04 0.3 0.0 -1.00 25
o, 0.04 0.07 0.00 0.20 X3
Co, 0.09 0.14 0.40 -0.10 > X
[ e
* Porcertages ate paroars of span for S0, and NO,, snd sbechte percant by volume for O, and CO,.

Audits conducted during the project were of two types, a systems audit and a performance
audit. A systems audit is an on-site, qualitative review of the various aspects of the total sampling
and analytical system to assess its overall effectiveness. It represents an objective evaluation with
respact to strengths, weaknesses, and potential problem areas. It is used to determine the
adequacy of the system in providing data which are sufficient, in terms of quantity and quality, to
meet project objectives. Checklists are used extensively to review and document such record

keeping and data handiing activities as:

. Calibration records

. Completeness of data forms and notebooks
. Data review and validation procedures

. Data storage and filing procedures

. Sample logging procedures

. Field laboratory custody proceduras
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. Documentation of quality control data
. Documentation of field maintenance activities

. Review of malfunction reporting procedures

Although the systems audits found occasional lapses in procedural methods and techniques, nones
were judged serious enough to warrant the more formal "Recommendation for Corrective Action.”

A performance audit provides a quantitative assessment of data quality by challenging the
instruments with representative reference standards. Most importantly for the CEMS, this
consisted of comparing the analyzer responses when gases of certified {according to EPA
Traceability Protocol Number 1°) concentrations were introduced to the sampling system. The
performance audits also included checks on other analyzers used in the process evaluation, though
these were not required to meet the more stringent criteria imposed on those in the CEMS. In
addition, balances and dry gas meters used in the course of project execution were also subject to
the audit process. With the exception of finding one dry gas meter in need of repair, and one
instance of the humidification chamber’'s CO, monitor being out of calibration, the performance
audits of the devices other than those in the CEMS showed all to be well within the ranges
considered acceptable.

Systems and performance audits were conducted concurrently, first at the start of the
project in August 1989, once during the Coolside demonstration in December 1989, and again
during the LIMB Extension in September 1990. The criteria that applied to the CEMS analyzers
called for the relative error of the measured values {except for the zero gases) to be within 15
percent of the certified concentrations, and for the absolute error to be less than or equal to 2.5
percent of the span value (later changed to 1.25 percent for the Wastern SO, analyzer because the
span value was twice that of the DuPont monitor).

A summary of the resuits of the CEMS perfarmance audits in Tables C-3, C-4, and C-5
show that the analyzers gensrally met the criteria. For those that did not, corrective actions were
made as soon as possible, and the accuracy reestablished as part of the daily calibration procedure.

The excessive vaiues found for the CO analyzer in the two 1989 audits and the back-up Dupont

" Quality Assurance Handbook for Air Pollution Measurement Systems, Volume lll, Stationary Source
Specific Methods, EPA-600/4-77-027b, August 1977,
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TABLE C-3. SUMMARY OF THE AESULTS OF THE AUGUST 1089 CEMS PERFORMANCE AUDIT
S s T

Anslyze Cylinder Numbar Spen end Units Cartified Valus Messigad Valus Raistive Error, % Abssiuts Error, % of span

30, DuPaent} AAL-18028 2800 ppmv 497 &1 .28 0.54

AAL-18310 1010 1068 48 1.92

AAL-18049 1207 1321 2.8 1.38

NO AAL-18048 100G ppmv 538 530 -1.5 080
NO, 2 NF® NF NA
NO, 540! NF NF NA

NO AAL- 9908 1000 ppmy o4 (1] -t.8 0.10
NO, 22 NP NF NA
NO, sat NF NF NA

NO ALM- 1722 1000 ppmw 203 212 [y 0.5
NO, n NF NF NA
NO, 274! NF NF A

0, AAL-19028 28 vl % 5.4 49 -7 o8

AAL-18310 078 2.6 2.9 1.00

ALM- 4368 .08 0.0 o8 0.20

€0, ALM- 4356 20 vel % 7.01 7.3 4.1 1.48

AAL-18049 10.08 R K 2.0 1.0

AAL. 8002 14.78 8.2 ER] 2.26
co AAL- 8002 1009 ppmv 206 Nal NA NA

AAL-17919 [ 3] 482 -10.6 5.0

° NF = Not hnctional bacauss the snslyzer's NO;1e-NO converter wel iNOperstive Bt the tme of th eudit.
T Yakan sa the sumn of NO end NO,.
¥ NA = Nt iable e of an ity failure in the courss of this sudit.

S0, monitor in the December 19389 audit ware more of an inconvenience, and in no way
jeopardized the integrity of the SO, and NQ, measurements that were of primary concern. The two
failures of the NO,-to-NO converter in the NO, analyzer is considered to have had a minimal impact
since NO generally accounts for about 95 percent of the total NO, in the flue gas. The second
failure, however, did prompt the only formal "Recommendation for Corrective Action” issued in the
course of the project. This resulted in 2 more thorough examination and repair of the catalytic
convarsion unit to assure more reliable operation thereafter.

Daily Calibrati

The CEMS analyzers were normally calibrated on a daily basis {5 working days/week}, and
more frequently when test conditions made it advisable. The procedure for the SO,, NO,, O, CO,,
and CO analyzers foliowed the general pattern of first passing each certified QC gas {containing a
mid-range concentration of each of the five gases} through the entire sampling and analytical
system in order to determine QC bias (drift from the preceding value at the measured
concentration). This was followed by similar use of the zero and span calibration gases to
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TABLE C-4. SUMMARY OF THE RESULTS OF THE DECEMBER 1909 CEMS PERFORMANCE AUOITS

Aralyzer Cytinder Nusmhar Span and Units Cartitiod Valus Messured Vaius Palative Errer, % Atmoknte Ervor, % of spen

80, DuPore)” M. 1722 26500 pomv 0 3B NA' 1.40

AAL-19028 497 550 10.7 212

AAL-18310 1010 1042 2.2 1.28

AAL-18048 1267 1310 18 092

ALM- 3043 2620 2800 48 €52

$Q, Misstern) ALM- 1722 OO0 ppmv 0 -40 NA 0.0

ANL1B028 407 €00 0.8 Q.00

AAL-18310 1010 1610 0.0 0.00

AAL-18048 1207 12% 44 1.4

ALM- 3043 2828 am0 1.7 LX)

NO, AAL-18310 100C ppemv ° - NA 0.0

NO AAL-19C4# 538 552 2.2 140
NO, 2 NF! NF NA
NO, s40™" NF NF NA

] AAL- 9988 1000 ppmv o 80 2.3 0.40
NO, 22 NF NF NA
NO, T NF NF NA

NO ALM- 1722 1000 ppevry 203 7 -12.3 250
NO, Al NF NF NA
NO, 274" NF N NA

o, ALM- 1722 26 vol % [ 0.2 NA 0.50

AAL-18029 5.4 4.9 -4.7 o.M

AAL- 18310 .S 1 1] -2 1.00

ALM- 4388 w08 (¥ ] 1.2 0.00

co, Alw- 1722 Wve % o ° NA 0.00

ALM- 4358 T Tt L2 [-¥ ! ]

AAL-19048 1098 10.8 ©.7 040

ALM- 3043 17.87 170 0.4 0.3

co A 1722 1000 pprmw ° + NA 0.80

ASL-17018 51 480 -14.9 4.2
TS

" Anslyawr sorved = & back-up for sevaral mentis until the Wastern snelyaw wes termidersd reven.

T NA = Net applicabls.

_: NF = Neot functienal becaune the analyzer's NOAeNO Wil iIneperstive & this tme of the sulit
Tekar sn the sum of NO and NO,,

determine the drift at the two calibration points. Acceptable calibration drift was defined as less
than 2.5 percent of the span for SO,, NO,, and CO {and later 1.25 percent for the Western SO,
analyzeﬂ, and 0.5 absolute parcent by volume for the O, and CO, instruments. Adjustments were
required whenaver values were outside of these ranges, or when the QC bias values were in excess
of 5 percent of span for SO,, NO,, and CO, or 1.0 absolute volume percent for O, and CO,.

Examples of the adequacy of these QA/QC control procedures are presented in Figures C-1
to C-15 which record calibration data for October 1990. Used as the basis for the weekly,
monthly, and quarterly reporting scheme, they represent a typical month's data. Such procedures
not only permitted on-site personnel to correct for any excessive calibration drift immediately, but
also identified trends that suggested the need for more than routine maintenance.
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TABLE C-6. SUMMARY OF THE RESULTS OF THE SEPTEMBER 1900 CEMS PERFOAMANCE AUDITS

Analyzer Cyhinder Number Span and Units Cartifisd Velus Massursad Value Aalativa Errer, % Abmoins Error, % of spen

80, Western) ALM. 1722 6000 ppmv 0 - NA' 0.02

AXL18029 497 a1 1.2 0.12

ALM- 4366 0 & NA 0.10

AAL:18048 1287 1279 0.8 0.18

AAL:17918 0 -3 NA 0.08

ALM- 3043 20 2783 1.2 0.70

AAL- B98¢ ° 2 NA 0.04

NO, AAL:18310 1000 ppmv [ - NA 0.80

NO AAL-18048 LT 537 0.2 0.10
NO, 2 Nm?! NA NA

NO, s40! €82 2.2 1.20

NO AAL- 9988 1000 pprmw (7% 60 8.3 0.10
NO, 22 NM NA NA

NO, wet 15 128 1.10

NG ALM- 1722 1000 ppmv 20) 178 -12.3 2.50
NO, 7 NM NA NA

NO, 214} 257 8.2 1.70

O, ALM- 3043 Wvel N ] 0.10 NA 0.40

AAL-18028 514 5.0 2.1 0.5

ALM- 435% 8.06 a2 -1.7 0.80

co, ALM- 4365 20vel % 701 78 70 246

AML-10048 10.08 11.2 20 1.10

ALM- 3043 17.67 17.3 2.9 1.08

co ALM- 4388 1000 ppmv 0 4.0 NA 0.48

AAL-19048 [ 7.2 NA 0.72

ALM- 3043 0 14.8 NA 148

AAL-1T818 651 587 29 1.80

!t Taken a8 the sum of NO and NG,
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2600
2400 A
2200 —
2000 —
1800
1600 -
1400 +
1200 -
1000 -

800 -

600

400

200 +1.25%

* Response without Adjustment
* Adjusted Value

Measured SO, Concentration, ppmv (dry)

-1.25%
-200 T T LAY AL SN U SN RN S Y T T T

10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
October 1990

Figure C-1. SO, calibration data - zero response
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2600
2400

« Response without Adjustment
2200 * Adjusted Value
2000 - +1.25%

1800 4—iag—= e ——o ey e p— 0
1600 - 1.25%

1400 -
1200 -

1000 -
800
600 -
400
200

0

-200

Measured SO2 Concentration, ppmv (dry)

r. | "l | .~ rm——Tm—1 1 1171 v+ 1 v 71 17

10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
October 1980

Figure C-2. SO, calibration data - span response
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2600
2400 -

+ Response without Adjustment
2200 » Adjusted Vaiue.
‘2000

1800
16007
1400 -
1200 +2.5%
1000 ¢—o—eF— —y " — Sty —— ¢
8007 -2.5%
600 -
400 -
200
0
-200 — 71T T T T 1T I T
10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
October 1990

Measured SO, Concentration, pprv (dry)

Figure C-3. SO, calibration data - QC response
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1000
300 - ‘ ¢ Response without Adjustment
800 » Adjusted Value

700 -
600 +
500

400

x

300
200
100

Measured NO_ Concentration, ppmyv (dry)

+2.5%
ot G o+t st 4o e o—t et s e —o s
-2.5%
2100 =ttt et

10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
Qctober 1990

Figure C-4. NO, calibration data - zero response

227



1000
900
800

+2.5%

-—il s e e

700
600
500 -
400 -

X

300
200 -
100

Measured NO_ Concentration, ppmv (dry)

+ Response without Adjustment
» Adjusted Value

-2.5%

-100

101

T r T T T T T T

Qctober 1990

Figure C-5. NO, calibration data - span response
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Measured NO_ Concentration, ppmv (dry)

1000
300 7 . Respon‘se without Adjustment

800 » Adjusted Value

700

600

500

400 —

300

200

100 +

0

'100 T y T T LU T T 7 T T T T T T T LN A S S T T T T ™

10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
QOctober 1990

Figure C-8. NO, calibration Data - QC response
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Measured CO2 Concentration, vol %

20

18 = ‘
o Response without Adjustment

16 - » Adjusted Value
14 -
12
10
8 —
6 -
4
2 +0.5%

&= Bl il i,

-0.5%
'2 LA | T ¥ T T Y T T T T T T ] T T T T T T T T T T 1 T T

10/1  10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31
October 1990

0 & & Bl s il &

Figure C-7. O, calibration data - zero response
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Measured 002 Concentration, vol %

- +0.5%
¢|_4_._I_.—l_._._.' > - —p—— gy -2 v o e
7 0.5%
+ Response without Adjustment
= Adjusted Value
T T T T T T T 1 T T T T T T T T LA T L

™
10/4  10/7 10/10 10/13

10

/16 10119 10/22

Qctober 1990

Figure C-8. O, calibration data - span response
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Measured 002' Concentration, vol %

26
24
22
20
18
16
14
12
10
8
6
4
2
0
-2

i

» Response without Adjustment
» Adjusted Vaiue '
-
- +1.0%
) | ] . ]
- -1.0%
T Jirrri1I T rrorrrrrrr 1T rr T
101 10/4 10/7 10/10 10/13 10116 10/19 10/22 10/25 10/28 10/31

October 1990

Figure C-9. O, calibration data - QC response
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Measured CO2 Concentration, vol %

26

24
22 -
20
18 —
16
14 -]
12 -
10 <
g
6 -
4.
2 -

» Response without Adjustment
» Adjusted Value

+0.5%

0 o — o b o— B . 3 s +——— 00— o

-2

-0.5%

T T

16/1  10/4

— 1 o T T
10/7 10/10 10113 10/
Octobe

16 10/18

r 1990

T T

LN LA RS LA
10/22 10/25 10/28 10/31

Figure C-10. CO, caiibration data - zero response
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+0.5%

y—o—o—y—=t .—Io.. *—t—r—o ;—-—.‘- e

Measured CO2 Concentration, Vol. %

-0.5%

* Response without Adjust
» Adjusted Value

|

T T T 1 T 7T 1 L T 1 T T T T T T T T T T T

—T ot
10/4 10/7 10/10 1013 10/16 10/19 10/22 10/25 10/28 10/31
Date

Figure C-11. CO, Calibration Data - Span Response
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Measured CO2 Concentration, vol %

20

18 1 » Response without Adjustment

16 » Adjusted Vaiue

14 —

124 1.0%

10..... e, ¢ !o.'o e® ®0s¢ e 0
8 - -1.0%

6 -

4 _

2 4

0

2T T T T T T T T
10/t 10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31

October 1990

Figure C-12. CO, calibration data - QC response

235



Measured CO Concentration, ppmv (dry)

1000
9001
800
700 4
600
500 -
400 -
300 4
200 -
100 -

* Response without Adjustment
» Adjusted Value

+2.5%

0 P

- ——t 4 il Y

-100

-2.5%

10N

T T T T T T T T T T T T T T T | L T T T T T T T

10/4 10/7 10/10 10/13 1016 10/19 10/22 10/25 10/28 10/31
October 1990

Figure C-13. CO calibration data - zero response
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Measured CO Concentration, ppmv (dry)

1000

900
800 +
700 =
600

» Response without Adjustment
s Adjusted Value

500

400
300 -
200
100 -

-100

101

T T T T r T T T T T T T T T T T LS Y T T T | T T T T

10/4 10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28

QOctober 1990

Figure C-14, CO calibration data - span response
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Measured CO Concentration, ppmv (dry)

1000

900 -
800
700
600
500
400
300
200

¢ Response without Adjustment
» Adjusted Value

+5.0%

100

-5.0%

-100 +—
101

| L LI L L L D L S A

10/4  10/7 10/10 10/13 10/16 10/19 10/22 10/25 10/28 10/31

October 1990

Figure C-15. CO calibration data - QC response
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Teat

LE-1
LE-2
LE-3
LE-4
LE-4a
LE-S
iE-8
LE-8a
LE-7
LE-#
LE-»
LE-10
LE-1%
LE-12
LE13
LE-14
LE-16
LE-1e
LE-18a
LE-18b
LE-18¢
LE-184
LE-17
LE-179
LE-10
LE-18
LE-20
LE-21
LE-22
LE-224

LE-23

Date

04/27/80
0B/01/90
0502/%0
06/04./80
OB/04/90
08/15/80
06/17/80
06/17/m0
05/18/80
06/21/90
08/22/90

05/24/90

o8/31/90
05/3100
06/31/00
05/31/80
06/31/90
08/04/80
08/04/90
0804/80
00/04/00
068/06/90
08/08/90
0808/80
08/08/80

0s0e/80

10
1.3
1.2
1.8
1.0
1.8
o8
0.8
10
10

20

1.3
1.4
2.0
14
14
2.0
1.0
1.0
10
1.0
1.0
1.9
1.4
1.8
1.0
1.4
1.0

16

276
7%
F 44
276
7.
278
276
276
276
276
276
148
148
148
e
7%
1%
276

7%
276

276

3B B B8 8 ¥ 34

APPENDIX D: TEST RECORD

MINIMAL
WHHINAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
NHNIMAL
MINIMAL
MINIMAL
ON
ON
ON

NHINBAL

MNAAL
MINBAAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MAMAL
MHNIMAL
MIMIMAL
MINIMAL
MINHBIAL
MINIMAL
MINIMAL
MINIMAL

MINIMAL

239

Teut
] Number
As Dats of Terr
Nominal Poim, ite
injaction Coal 8, Yoo or Aversge
wt % Sorbart Ne in Test Commants
_ EENETTRT,
104 3.0 LGNO N Mill trip ot 12:00 jest zere
m 3.0 LIGNO N Mill changs i test, Zero chenged
m 3.0 LIGNG Y ?
181 0 UGNO Y n
m 3.0 LIGNO Y 14
181 a0 LGNO N Zare guastionaiie
. 1.0 LIGNO Y "
m a0 LIGNO Y n
L) 3.0 UGND Y 28
in 3o LIGND N Dats not feund en any LIF disk
181 30 LGNO N Milt trp oftar ime start, bad et
mm 3.0 LIGNO Y s
m 30 LgNO Y [}
m 0 LIGNO N Aun by OE en night shift
1n 10 LGNGO L] LIF disk data shewe zers spiles
m 30 LS Y 18
m 30 s N Pagt-mat 3ove off in the meming
1wt 20 Ls Y 32
m 30 is Y 10
m 30 LS Y 4
1t A0 [+ ] Y 4
" 3.0 LS Y 0
. 30 & ¥ 17
m 30 Ls Y ]
m 30 LS Y 24
m 3.0 L3 ¥ »
101 3.0 LS Y n
" 3.0 & ] L} Fast-eant zere off in the merning
187 1.0 LS Y 15
197 3.0 LS Y 10
187 3.0 LS Y "



Hurmid. Ussd Number

Ouniet Humid, Aa Dats of Tere
Ca’s Set Oon, O, Noming Poire, minute
Molar Point, or Injsction Coal 8, Yes of Averagm

Test Caes Ratio SF Minimai Lovel, #t wt % Sorbert No in Test Commants

LE-23s 06/0700 10 250 MINIMAL 13 3.0 L8 ¥ 30
LE-24 o8N80 20 300 MINIMAL 187 3.0 LS Y 27
LE-28 0810780 20 300  MANMAL m 3.0 Ls N Post-ast yere off in the meming
LE-2¢ 08/07/80 20 300 MINMAL w? 30 Ls N Post-wet zere it In the Mmeming
LE-27 06/08/90 20 278 MINIMAL 1w Ao Ls N Remavel wey off, post-tant zere
mpy
LE-28 coKsmo 20 276 MINIMAL w7 LX) LS N Data net on LIF disk
LE-28 o8 1m0 10 NiA OFF w 3.0 s Y n
LE-30 o 1m0 1.0 NIA oFF m 10 Ls N Post-sust 2ere ot in the moming
LE-31 04/12/80 20 NIA OFF m .0 LS 4 2
LE-32 ceNn 2o 20 NIA OFF L] 30 18 ¥ 1
LE-33 [ HET ] 24 WA oFF »m 3.0 LS Y "
LE-34 08/14/890 20 NIA OFF m 30 LS N Remevel keups rising
LE-36 o8/18/0 2.0 NIA oFf " .. LS ¥ 19
LE-38 08100 15 WA OFF m .. LS Y 12
LE-37 08/20/90 18 NIA OFF wm 1.8 Ls Y 1”3
LE-38 082180 1.0 NIA OFF 1 1.0 s N No goad 2ere
LE-38 osiz1m0 20 NiA OFF m 1.8 Ls N Coal wifur changing, rezero
- 13:36
LE40 o22/80 0.8 WA OFF 1.1 1.4 LS N Overnight sere held,
jumpy
LE-41 os/22/80 20 148 OoN . 18 Ls N Remeoval kespy climbing
LE42 08/28/80 20 N/A orF ® 18 Ls Y |
LE-43 06/20/80 18 N/A off " 18 LS Y .
LE-43s 08/24/90 L E ] 146 oN [ 1] 1.8 LS ¥ 18
LE-44 08/27/80 20 NIA ort 1] 1.8 s N Urit ofl over W place
LE-48 07/02/80 1.5 145 Ol 11 1.0 LS Y 20
LE-4Ks 07/02/00 .o.: NIA OFF 1wt 1.8 Ls Y 17
LE-45b 070380 on NIA art i E 3] K ] s Y 1"
LE-A8 070380 20 NIA oFF ", 1.8 LS ¥ .
LE-48a 070380 2.0 148 oN 181 14 s ¥ 7
LE47 . 0706/90 1.2 NIA OFF 1. 1.8 LS N Coal mshur rining
LE-4® Q1100 1.0 N/A OFf " 1.8 LS Y 19
LE-43 07/18/90 20 23% NINIMAL 11 1] 1.0 DOL N Ora port plugged of dey
LE-BO orre 20 260 MINIMAL m 10 DoL N Gaed zero, ramevel jumpy
LE-B1 oN/24/0 1.3 NIA ofF m 1.8 poL Y 10
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Temt

LE-82

LE-B2s

LE-B4
LE-68
LE-B8
LE-&7

LE-S8

LE-80

LE-81%

LE-82

i EE

LE-80

LE-@7

LE-88

LE70

LE-M

LE-71e

LE-72

LE-73

LE-74

LE-TE

LE-78

LE-78a

LE-77

LE-78

LE-79

08/29/90
08/30/00
08/30/80
08/31m0
09/04/90
08780
081180

o280

o8/13/80

08/14/80

0N/ 17180
o8/19/80
o8/18/0
09/20/80
o8/21/0
Qo8/28/80

oNI1A0

10/04/80

100880

10/1080
1011780
101180
10/12/80

10/16/80

101180

10/22/80

10/23/80
10/24/90
10/2480
10/26/80

10/28/90

2.7
11
1.1
1.0
14
1.8
s

5.0

1.8

1.6

0.8
0.
1.0
1.0
1.2
1.3

185

2.0

20

1.2
14
1.0
1.6

2.2

2.1

1.8

1.2
1.0
1.8
2.0

2.1

NIA
N/A
N/A
NiA
N/A
NiA
N/A

NIA

N/A

Wik

NIA
N/IA

N/A

i ¥ 3 38 ¥ 33

g 88 %8

On, ON,

OFF
OFF
OFF
OFF
OFF

OFF

OFF

OFF

OFF

OFF
OFF
OFF
OFF
OFF

OFf

IMNIAL

MINNMAL

MINIMAL

MINIMAL

.
m
"
A )]
m
AL}
191

mm

m

101t

4]
m
1
1"
m
m

wi

m

m
"
"
1

AL )]

m

19

A1)
I 3)
AL L)
i

m

1.8
1.8
1.9
1.8
1.8

1.8

18

18

1.8
1.8
1.8
1.6

1.8

1.8

1.4

3.0
3.0
a0
0

0

30

30

3.0
3.0
30
3.0

3.0
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Sorbent

[+]
2

gp2ggg g g g88228¢3

g2 ggg 8¢

g

" Test
Unnadd
As Dats
Poirt,
Yoa or
Ne

<

Numbaer
of Terr

Avaragm

in Test

13

12

21

10

10

AL ]
14

13

16

n

Guestionable Ters

Short tast for leed capacity check

Goosd rero, end test precip
problem

fRamoval dropping tao much

Goad zarg, lasd change during
teat

Goed 1erc, ene naxrie plugged

Coal 8 changing, post-test zerc
Nattien piugged?

Thres neczie found phugoed
o tis

2 nazziee plugged st 14:00,
urplugged ot 14:30

Goed zero, dats mimeing on LIF
dinks

No stoich number oemeng thraugh



Hurnid.

Set

Hurrid.
On, Off,

LE-70a
LE-79%
LE-T9¢
LE-79d
LE-7he
LE- 7t
LE-80

LE-80s
tesos

LE-B

LE-82

LE-82a

LE-83

TEIFELE

LE-B7a

LE-8%

LE-RS
LE-%0s
LE-0%0
LE-9bc
LE-Bid
LE-80
LE-80a
LE-3GB
LE-#1

LE-82

10/28/%0
10/28/80
10/28/80
10/29/%0
10720/
10/29/%0
10/30/80
10/30/%0
10/30/%0

1073190

10/31/9¢
10/31/80
110180
11/08/0
110080
110800
1101m0
110780
110880
111280
111390
1MA3A0
11140
111480
11/18/00
111880
LRl T )
111880
11/1880
111800
111e/80
111880
1171690

11/20/90

1.4
1.3
14
14
14
1.3
2.0
1.3
18

2.2

2.1

10
19
o8
-F
1.5
0.z
.9
1.8
1.9
1.2
2.0
20
1.4
1.9
0%
1.1
1.9
19
19
1.4
14

1.8

280
280

280

3

' EEEEEEEEEEEEEEEEEE N

14

145

148

MINIMAL
MINIMAL
MINIMAL
MINBIAL

MINEAAL

FLLRE

3

ce L PEFRRERELERLRE LS

WHNIMAL

191
1.1
Ll
"
L3
"
m
m
A1)

"

181
194
11
17
w7
187
.l 1
197
197
17
1
w
17
184
191
17
.7
187
187
17
w7
7
"

7

30
3.0
30
30
3.0
30
30
30

3.0

30
3.0
.0
1.9
1.8
1.6
1.8
.8
1.8
14
390
30

30
.0
.0
3.0
30
3.0
3.0

3.0

30

1.8
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Tet

LE-02s

LE-83

LE-84
LE-88
LE-08
LE-#8s
LE-87
LE-87e
LE-00
LE-8 s
LE-#®
LE-100
LE-101
LE-102
LE-103
LE-104
LE-1049

LE-108

LE-108
LE-107
LE-108
LE-100a
LE-108
LE-110
LE-111
LE-112
LE-112s
LE-113
LE-114
LE-114s
LE11E
LE-118

LE-117

Dats

11/20/80

112180

11/28/80
11/28/80
11/20/0
t1/28/0
1173080
11/30/90
12/03/80
12/03/80
12/04/80
12/08/90
12/08/80
120780
121180
12/112/80
1212100

1211380

121140
1211780
12namo
12/10/00
12/20/80
o0107M
o oem
010881
o1/0881
01/10/81
o1/11m
outim
o112m
[AFAL Y, M

omnrm

Ca's

0.8
0.9
2.2
T2
.3

L

1.0
12
1.0

0.0

1.7

0.0

14

280

280

280

200

20

280

280

260

148

$ 8 :

20

1485
N/A
280
145
N/A
200

N/A

MINIMAL
MINIMAL

MINIMAL
MINIMAL
MHNIMAL
MINIMAL
MINIVAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINMIAL
MINIMAL
MINIMAL
ON
MINIMAL
MINIMAL

MINIMAL

MINIMAL

MINIMAL

NIA
MHINIMAL

OFF

187

187

17
AL}
1
181
1,1
11
1
m
it 2}
m
mm
1
m
m
m

m

1
"
1
L 2l
1
m
L1 3]
mm
w1t
"M
3
k1 )]
N/A
"

AL

Tont

Unad Number

As Dats of Tarr

Norminel Poirt, minute
Coal 8, Yes or Averages
vt % Sorbant No n Test

1.8 DoL Y "
1.8 DOL N

1.8 boL N

LR ] poL Y [
L X ] poL A 10
3 DoL Y |
38 DoL Y 12
LR ] Dot Y 4
30 boL ¥ 17
3.8 DOL Y 9
38 ooL Y 12
1.8 ooL Y 17
1.0 DOL Y 23
1.8 boL N

1.8 DoL N

18 DOL Y 11
1.8 21+ Y 4
1.4 oL Y 16
1.8 ooL Y 1
1.8 DoL Y
.8 ool Y 14
1.8 ooL Y 12
1.8 DOL Y [
1.8 MNE LS Y 26
1.8 FNELS Y 14
1.0 RNELS Y
1.4 FNELS Y L]
1.8 RNELS Y 4
1.8 FINE LS Y n
1.0 FNE LS Y 7
MNIA FANELS N

1.8 ANELS Y 17
1.8 RNELS Y 21
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LE-11B

LE-119
LE-120
LE21
LE-122
LE-123
LE-124
LE-12%
LE-128
LE-127

LE-128

LE-129

L&
LE-131s
LE-132
LE-133
LE-133a
LE133%
LE133¢
LE-134
LE-134»
LE-134b
LE-196
LE-136s
LE-138
LE-137
LE-138
LE-138
LE-138
LE-140

LE-140a

LE-141

o
o127
o1/22:91
o124m
o129
ot/zem
a1728M
0130/
o1/30m1
o1m

a1

0210181
020041
2207
02011
oznim
021121
02/%2/"
oznam1
o213
0211381
oM
02n3M
0Z2/74M1
02118M
01BN
o2r1em
027201
02/20/81
022181
02/28/%1

02/28/M

ozaem

2.2
20
tQ
2.0
1.8
2.0
18
1.8
1.7
1.2

2.2

20

1.8
1.2
22
1.
0.y
13
1.3
9
15
14
1.3
0.
1.8
11
1.2
18
2.
1.4

2.0

N/A
N/A
N/A
N/A
N/A
N/A
NIA
200

NIA

5

EEEEEEEEEEEEEREEENR.
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2

OFF
OFF
OFF
OFFf
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OFF
OFF
MINIMAL
MINIAAL
OFF

oFF

MINIMAL

MINIMAL

MINIMAL
MINWAAL

NINIMAL

MHNIMAL

.,
i1
m
"
17
18
187
107
17

187
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7
17
197
w7
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m
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7
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m
m
1
1 3]
m
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m

m

1.8
1.8
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1.8
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1.8
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1.8
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8
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3
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38
1.0

1.6
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RNELS
RANELS
FNELS
RANE LS
FNELS

AME LS

FINE LS
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1

°
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1
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Remaovel Srepping. post-test Twro

Possibie osal mitur change
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Test

LE-142
LE-143
LE-144
LE-146
LE-148
LE-147
LE-148
LE-148a
LE-149
LE-180
LE-181
LE-162
LE-183
LE- 164

LE-186

LE-168
LE-187
LE-18Ta
LE-188
LE-189
LE-180
LE-101
LE-182
LE-183
LE-183s
LE-184
LE-1088
LE-1408
LE-180a
LE-187
LE-188
LE-188
LE-188L

LE-188c

Date

oz2rm
0272001
031
03041
Q308
o308
030781
o3p07/81
030881
asnim
o121
0311381
03221
ad2smt

04/0181

040281
o403/
4031
o40481
040891
o4/12/91
041188
o4/11m1
o4r1em
o418
O4r22/01
04/23/81
o4/24M1
O4/24/01
ob/uemy
060781
06/07M
asoTMm

050781

Molar
Raetio

1.8

16
1.2
1.1
1.2

o
20
1.3
1.3
1.9
2.2

2.2

20

1.4

1.8
2.0
2.0
14
20
1.0
1.8
i 1.2
[+ X ]
1.5
1.6
2.t
1.6

1.0

1.8

Humid,
Outiet

Poirk,
*F

278
are
b1 ]
2.
218
A8
kil 3

e

278
278
e
278
e

nes

s
%
b4l
s

278
2
278
7%
a7
s
ars
145
27
278
278
275

278

On, OfY,
of
Mirimal

MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
ON
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL
MINIMAL

MINIMAL

MINIMAL
MINHAAL
MINIMAL

MINHAL

Level, ft

19
m
m
101
m
Rt
A1 3
"™
m
mm
m
181
1,
et

AL )

1 3]
m
m
m
15
m
L1 3]
11
1
A1 )]

AL 1]

AL
m
101
1
1
m

m

Test

Uead
As Dota
Nomingl Poire,
Coal 8, Yas or
"% Sorber Ne

.8 UGND Y
1.8 LIGND Y
1.8 LIGNO Y
1.8 LGNO Y
1.8 LIGND Y
1.9 LIGND Y
1.8 LGNGO Y
1.4 LuaNo Y
1.9 UGND Y
1.8 LGND N
1.0 UGNO N
18 UaNo Y
1.0 UGNO Y
1.8 Lane N
1.8 Ligno N
.8 UGND Y
1.0 UaNo Y
.8 UGNO Y
1.8 uaNe N
.. LIGNO Y
38 LIONG Y
L E LIGNO Y
3.0 LIGND Y
EE LGNG Y
3.0 LIGNG Y
s LKGNO Y
3.8 LIGNG Y
LN UaND Y
L& UGNG Y
3.0 LIGNG Y
LE ] LIGNO Y
3.0 LIGNG Y
38 LIGND Y
39 LIGND Y
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Number
of Terr

Averages
in Test

14

T

Comments

Geeq zere, $0, Net Maady

Removal still risirg aa test erwde

30, preblams, ne data

Tast ghort, things never steadied

Remavel jumpy



Hurnid, Used Numnber
Qutiet Humid, Aa Dms. of Tarr
Cus  Se On, oM, Neminal Paint, mirute
Malar Peint, L Injaction Cod 8, Yeu o Average
Tost Date Ratio oF

Minimal Lovel, it wi % Sarbert Ne n Test Cominants

LE-188 os08MmY 1.2 278 MINIAL 101 38 LIGNO Y 17

LE-188e o508/ 1.7 278 MINIMAL . RN UGNO Y [}

LE-100e 05081 .. 278 MINIMAL m s LIGND Y ]

LE-170 osN4lm 2. 78 MINIMAL m 3.8 LIGND Y ]

LE-170a osam 1.8 278 MINIMAL ] 3] 39 LIGNO Y 4

LE-7 70 oB/iam 14 278 MINIMAL 191 318 LIGND Y &

LE1T1 o8/18/91 1.7 278 MINIMAL ] 3] s LIGNO Y 3

LE-171s L Tal Y] 1.7 276 MINWIAL m 3.9 UGND Y ]

LE172 oSN 1.2 278 MINIMAL 1 e UGNO Y 4

LE-1T7Y oslz3m 1.8 145 OoN i, 1.8 LIGNO Y ?

LE-174 087241 1.3 146 oN 9 1.8 LIGNo N Cosl suttr?

LE-178% 062981 1.9 146 ON it 3] 1.8 LGND Y [ ]

LE-1T8 08/30M81 1.7 148 ON Rl i .4 LIGNG Y 1 3

LE-177 o311 1.4 148 oM wm 1.8 LIoNO A g |

LE-178 o138 -2} 145 ON mn 14 LIGND Y 3

LE-178a s 20 148 OoN bl 5] 1.8 LIaND Y ?

LE-179 o813 2.2 146 ON 11 1.4 UGND ‘ N Want te twe leaders st 13:50,
flasdling. questionsbis tmit

LE-100 ol/r4m 22 148 oM i 14 UGN N Zare tw pood

LE-1 oanTm 0 148 oN m 1.8 LaGNO Y 4

LE-182 08/1881 13 148 ON 1, .8 LIGNO Y 1"

LE-1R3 osnam 14 148 ON wm 1.8 LIGND Y [ ]

LE-104 08/24/M1 2 2718 IMINIMAL 1. 14 UaNO Y 2

LE-188% 08/26/1 1.8 7% MINIMAL m 14 LIGND Y 12

LE-T08a osrzem 1.2 278 SANMAL m 1.8 LIGND Y ]

LE-188 0872001 .0 7% INIMAL m 1.4 LIGNO Y "

LE-104a osr2em 1.7 27 MMIMAL mm 1.0 itiGNO Y 3

LE-187 04/28/9% 1.7 278 ININSMAL mm 1.8 LGND Y 19

LE-187s oanzsm 1.0 amn NINIMAL it 1.8 UOND Y 22

LE-1e 07/01/81 19 276 MINIMAL m 1.6 LIgNO Y 14

LE-199 oroem i E | b1/ ] MINIMAL 1 3] 3.8 CAL Y *

LE-1BBa o091 1.4 2% NIMAL 1 18 CAL Y 7

LE-180 ornom 1.0 276 MNHNIMAL m 3.8 CAL Y [

LE-180s o7/10M1 c. 27% MINIMAL 101 e CAL Y 18

LE-190b ornomi 1.3 278 NINHAL 1 38 CAL Y 18
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Tast

Hurmid, Ueed Number
Outlet Hurnid. Az Dsta of Terr
Cal'S Set On, OH, Nomina Point, minute
Molar Poirt, or Injettion Conl §, Yas or Avetsges
Tt Date Ratio *F Mirimnal Level, ft wt i__ Sorbam Ne in Temt Cornments
LE-191 o7z 1.4 276 MINIMAL 181 K2 ] CAL Y 14
LE-102 QFf1am 1.2 278 MINEMAL mmn 38 CAL Y 12
LE-$82 0771581 2.2 278 MINREAL 1 .8 CAL N Very high osel sultur, sorepped
LE-184 oriam 2.0 276 MINIMAL i 38 CAL Y &
LE- 188 o7NTIMm 1.7 276 MINIMAL m 3.0 CAL N Roading
LE-108 or/ism 18 276 MINIMAL AL )| 30 CAL N Foading
LE-187 ornem 1.¢ 278 MliMIA AL 184 1.8 CAL N Flooding, sulfs changed
LE-188 OriZam 2.0 278 MINIMAL m 1.4 CAL N Coal sulfur changs
LE-189 oNzam1 o8 278 MINIMAL 1 )] 1.8 CAL Y 16
LE-200 orEm 1.3 278 MINIMAL . 1.4 CAL Y L]
LE-201 0801/81 19 278 MININAL a1 1.8 CAL Y [ §
LE-202 osK1/e1 1.2 278 MINIMAL m 1.8 CAL Y il
LE-203 osxam 1.4 ars MINIMAL " 1.4 CAL Y [}
LE-204 oslo2m 1.8 276 MINIMAL AL} 1.8 CAL Y 0
LE-206 0802/81 20 76 MINAL 1 1.0 CAL Y 4
LE-208 osfosm 2.2 27% IMINIMAL m 1.4 CAL Y 18
LE-207 [ Lerd 20 278 MINIMAL " 1.8 CAL Y 12
LE-208 o 7MY 2.2 276 MHNIMAL m 1.8 CAL Y 12
LE-209 o081 7 are AL " 1.6 CAL Y 10
LE-208a osxem 14 278 MINIMAAL kL 2} 1.8 CAL Y ]
LE-210 o8/08/81 o 7% MHMIMAL m 1.8 CAL Y 1%
LE-210e o881 1.1 27% MINIMAL m 1.8 CAL Y 16
LE-211 os2em 1.8 276 HNSMAL 191 1.8 CAL N Scrappad
LE-212 o8/zem 1.8 s MINIMAL m LE CAL N Quastionsble test
LE-213 . osfzamt 1.7 278 MINNAAL m 3.0 CAL N Zaro ot -3.0%, quastionable test
L-E-ZM OR300/ 1.7 278 MINIMAL m 38 CAL N Coal suihur changed
Totel number
of tests run 80 Shorsest teet in # of 10-min sverages 3
Langest wet in # of 10-min sversges n
Total ruamiber of data points 223
Avg. length of test in # of 10-min eversgem ‘ 13.4

o ]
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APPENDIX E: OPERATIONAL RECORD

UmMs Humid.,

Time Time Time Time

Boiler uMB Unavailable, Unavailasble,
Date on, v Oon, v L L4 Commaents
04/27M0 24 F3
O4/28/00 ns 28
04/20/90 ] 0
04730100 24 128 Unit coming on
08/01/80 24 186
080280 24 18
050380 13 13
08/04 /90 24 4]
08/06/0 a2 22
0B08/%0 ] -]
o670 [ o
080880 o [}
08/08/80 -] )
08/Y0M0 -] -]
oS 1m0 ) []
08/12/80 -] ]
081 3/80 o o
OB/V4/80 0 w 2 Hase Loak
[ Tal b ] ] 178
O5/18/80 24 i)
OBMT7M0 24 2
08/18M0 24 4
o580 24 2
0B/20/90 24 24
ob/21/80 24 18
08/220 ] 0
o%/23/m0 4 20
OB/24/80 4 17 Charge FX pump shaeve
06/26/00 4 18
06/26/90 22 22
08/27/9C ° 0
05/29/80 [ [-]
08/20/9C 22 16 Unit coming an
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Time Time Time Tirma
Boiler Lims Unavailabl Unevail

Deta On, tv Oon, tv e W Commaeants

06/30/90 24 21ns

08/31/90 24 20

080 1/80 24 18 3 FAC Napper vaive preblems
0802/90 22 22

08/03/80 [} 1]

080400 2 12 3 3 Unit coming on, Cantac compramor od leak
06/05/80 24 105

080880 24 1

08070 24 20

08/08/90 24 166 [ Lime hese lesk

08080 24 16 L] Repait same hose a8 yesterday
04/10/%0 24 24

oaN1/80 a4 20 24 Hurmnid chamber clesn out
08/12/90 24 n

08/13/80 24 228

081480 24 2

06/16/90 22 18

o8nemo 1 1

081780 24 24

08/18/90 24 "

08/19/80 1% 7 | ] Unpiug lime lires
082080 " AL Unit seming en

08/21/%¢ 24 218

08/2280 1 "

0872390 0 -]

08/24100 4] [ 4]

o8/26M0 17 ] Urit coming an

08720100 146 [ Unit ceming &n

oer2780 18 125 Unit coming an

08/28/80 24 158 1.6 Unpiug kme lines
08/20/00 24 14 [ ] Unplug ime inee
08/30/90 23 23

o710 0o ]

071620 24 [ K] L] Uit coming on, unpiug lime lines
070310 24 186
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07/04/80

07/X05/80
0108/90
0701/50
07°08/%0

070880

o100

0TH1/90
o720
Q113,90
Q11400
07/116/90
071880
aritrme
071980
9711880
07/20/1%0
07/21/90
o7/22m0
07723/80
07/24/90
07/2%/80
07/28/80
07/27/80
o720
07/20/0
07/30/80
07/31/80
o8/01/80
08/02/90

080380

24

24

14

24

24
a4
24

»

24

24

o © © & © o o & © 0o o

1“4
24
22

2

n

18

14

o 9 © [- ] L-] o o o o © [-] -] -] L

14

24
24

1%

250

Plart unabie te start LIMB squipmaent,
FAK pung seized up

Pump stk aeized, unable ty switch
te Spare rain dus te tag

Switohed te spare train, sesls blow
on BB rotary vaive

Fepairing FX, pump
PRapawing F/X pump
Repairing FAC pump

Unit caming an

Aarr ot of serbers



os/17/80
os/1880

08/19/80

08/21/%0
08/22m0
on23/80

08/24/90

OB/

o8/27M0

08/20/90
087300
o310
0N 1/80
002190
0003/80
090480

08/06/80

oN70
08080

o0

Q o [ - T - |

24
"

10

14

18
24

F L

4

24

a4
o

24

13
24
24

24

- O o o

o =

[}

138

umMBs

251

Unit caming an
Aan s of sarbent

Waiting fer dalemitic lima dalivery

Systum 140 down, ne uating,
LIMB evailsbie

Systam 140™ dewn, ne testing,
LIMB svailable

Ran sut of serbant



o800
00/11/80
o8/12/80
o8/13/80
08/14200
08160
o160
o8/17/80
o8/18/00
09/19/80
o8rz0mG
NI 90
o822/90
08/23/8G
o240
08/25/90
0872880
08270
o820
O8/280

100180
100280
10030
10/04/00
10/06/%0
10/06/80
10/07/%0
1008/90
10/08/30
10N0Mm0
10/11/80
10/12/%0
10N

10/1490

19

24

24

4

24

22

12

- 24

2
2
24

24

24

F3)

18
"
34
24
24

24

24
24
4
24
24

24

1%
08

25

o O &

-

LR

LX)

® o o©o o

128

ns

14
24

1885

18

24
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Lime fesd staps

Lime fosd sope



Date

101090
10/18/90
101780
10/18/80
1080
10720180
10/21/90
1072180
10/23/%0
10124780
10/20/%0
10/20/%0
10/271%Q
10/28M0
10/29/9%0
1073000
10/3190
110180
110210
110380
1104/90
1108/90
11080
11070
1108/90
1108/80
11/10/80
181180
11/1290
11/1390
1114780
1171580
lALLY -]
111710

11/19/90

22

24

24

24

24

24

24

24

24

H

24

24

24

u
24
21
10
2
24
24
24
24
24

24

12

18

1

n
218
22
.
24
24
1w
215
186

L2

14
208
0.6
19.8
108

1%

Undt caming en
Unit coming en
Unit coming en
2 P/ pume net prepery ubricated
20.5 20.% Humid ahamber clsan up
24 24 Humid chamber clesn wp
148 188 Belancs isnce Rows
Humidifier i .
Humidifipr inmpection
Uit coming on
2 1 Cantac tnpe
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11/10/80
117200
1M21m0
1172200
1172380
11/24/90
11/28/00
11/20/90
11/27/m0
11728/80
11/28/800
11/30/m0

1201/90

1203/80
12/04/80
1208/80
12/08/80
12/07/80
12/08/80
12/08/80
1217080
121180
12/12/0
121380
211470
T2EM0
121880
1211780
12/10/80
12118/80
12/2070
127210
12/22190

12/23/80

M

"

22

24

22

18

12

24

24

24

k2]

24

24

24

24

24

Fal

175

108

21

2085

1"

"

178

e

17

18

08

1.

1%

21

2

22

18 38 Comac trips

16 1% Unabie to stert compressor

1 13} Unabis to start compressor
Ash systam problema
Adh systemn preblems
Unit caming en
Urit osming en

[} Acrisen chrs plugs
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12724100

1272690
127200
121270
12/20/90
1272000
12/30/%0
123180
o1o1m
010281
010381
o104
010681
o100m1
o10Tm
o108M1
010881
oM
LATARE. )]
o1/12m
o
o114am
01/16M1
011881
oinrm
ornem
o1 1em
ot20m
ot/21m
oM
o123
o1/24M
o126m
01281

ovarm

12
24
24
24

19

24
24
24
24
24
24
24
24

24

24

]

17

24
24

a4

24
24
24

24

» [} L -] o & ~i

o & o

18

35

5

2

17

255

12

Boakter watsd puNp Gt
Found silo baghoums plugs
Feud sile baghouse phuge

Foad silo baghouss plugs



01728/

o
o10m
o1zvm
oxo1et
025281
020381
020401
02/0881
ouose
oTNT
020891
020881
02110M1
oznim
ozm
axm
o2nam
onem
oanem
anrm
oz/tremt
Q21001
02120/
oxr21M
oar22m1
02/23M1
o224
0212691
02/24M1
o227
o281
0301
030281

o030

24

24

2

S

14

24

2

24

24

F L
24
1]

10

45

L 13
12.5

1.5
"
n

1

10

ns

n

..

31s

ns

.
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Rurmning st last of the limestens

Ash uils baghouse preblems

Ash sile baghouse problems

Fovdars would net refi

Aan ot of sarberm



030481

03/06/81
o301
030781
030881
03/08/81
o3nom
o1 1m
o3 zm
oanam
031481
o168
a318m1
03 17M
031981
031081
032081
oxzim
o3nzm
odz2am
o¥I4m
ox26M1
0372001
oNZTM
os/zem
0372011
o30om
0331
o418
040291
04,0381
04/04/81
04/08/91
o408/81

04/07/81

24
24
24
24
24
24
24

a4

24
24

17

o o OOH 8

14

24
24
24

1

1.6
12

48

-]

-] L+ ] -] o © o -] c o © o

& O O

Unit oycling

149 Humid shamber clean wp

16 Huinid chamber clean up

[} L} Cantac bresiker prodiem
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o408/01
0400/
04/10M1
o4l 1M1
oa/12Mm1
0471381
o4/ram
o4/18/81
04118/
oA/
oanam
o4/18/81
o420/
o4/21m1
047221
047231

od4/2481

o4/24m
04271
QA28

o4/20/81

os01m

o7
osoRe
0808/
os/10m
os/11M1

o5/ /e

17

4

4

4

o & 0o o0 o

¢ o o o o

12

14

136

08
2

17

o o o

ume
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Dats

o&/13/M1
osM4m
08/16/M1
ok/t1em
osNnTM
o5
[ Tal T3]
os/20m
ok/21m
oBr22/91
osrzam
05/24/81
os/2um1
ol/28/m1
o%/27/01
ossasm

oss28m1

o/ M
080191
08,0281
oaK3m
08/04/81
08/06/01
08/08/91
osoTM
os0sm1
o808
08/1081
os/t1m
oa12m
oanam
osnani
osnem

os/em

Tims
Boiler
on,

17.6
24

238

2%
24
24
24

n

o O

24

24

24

24

n

Time
ums
On, hr

13
9.6

L]

e & o o O

o o ©o ©

LimB

Unavailabie,

4

259

Humid.

24

Cantac probisms

Cartac problems



Date

o8/17/81
os/18/m
08/19/81
oM
oa21m
082291
os2am
of/z4mt

oR/2eM1

oan2Tm

oI m
o102
070391
or04m
orosm
oroem
ororm
oTRem
o108m
o7om
orrIm
ornamt
o7/13m1
o7h4m
o7
077881
oTnTMm
ornem
ornem
o720/
arzim

24

12

24
24

4

4

S

RPN R ORO¥YOR YR ORR

%

24

2

24

e O O =& »

108
38

138

¥ ¥ @« 0 0 o

"

n

s

ns
12,6

15

260

Cantas tip,
could rastart St inepection temerrew

Cantec inspucied

Unit suming an, unplug ime Sines



07/22/91
o231
oriz4Mm
orniem
o7/28M1
oraIm
ovIem
orrzem
OT0NY
orsim
o018
020281
080391

0804191

o8/08/81
oapcenmt
os1om
o8/11M1
osn2m
o813
osnam
osEm
osnem
o rm
osnsm
os/ 1M
osr2on
o821/
osn22m
o823
0oR/2481

08/26/91

24
24
24
24
12
18

24

A ]

24

E X

o o -] o

688

o o L] -] o -] o © -]

o © ©o o

Uume

2617

Cantac problems
Cantac problema

Camac problems



Tima T Time Time
Boiler UM Unevailable, Unevaiisble,
Dme On, hr s L L4 Comments
08726/ ms 15
o827 a4
os/2e/e 24 n
os/2em E n
o808 24 218
11,784 1,108 3,824 a4 2088 Tutal timg, hr
- - 4.5 34 Totel time unaveilsble, % of beiler time en
- - [ X} e Total time eveishia, % of beiler time on
954 a5.7 - -

Total time on, % of total slapeed tima
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APPENDIX F: CONSUMABLES USAGE, WASTE DISPOSAL RATES, AND MOTOR LISTS

TABLE F-1. CONSUMARLES USAGE AND DISFOSAL RATES

b .- ___________ - — I L
100 Mive 150 Mive
Cool Sultur, wi % LiMB Cacleide LSFO ume Cocleide LsFo

Besgert Congymption, ten/yr

1.8 17,082 12,384 12,708 25,823 18,642 18,088

28 23413 23487 20,000 42,020 35,649 nan

38 30,088 37,324 20014 69.787 58,000 43,619
Sods Ash Usege, torvyr

185 - 1,081 - . 2,477

2.5 - 3,180 - . 4,740 .

LR . - 4,902 - - 7.473 .
Wt Jolide, toryyr jdry)

1.5 18,270 17,812 30,748 27,404 20,422 48,080

28 30,417 32,945 $1,248 46,628 40,134 70.703

3.6 41,702 80,54 7t.8%2 64,083 75,882 107,310
Avergge Povees Cormnption, KWy

1.8 ax 1,187 2,333 842 1,728 3,268

.5 040 1.187 2,500 ar2 1,088 3488

38 mm 1,740 2,764 T2 1,088 3877
Wt Conprption, gei/yr x 107

1.6 7.420 20042 n.872 11130 44,742 65,004

25 2,007 30,004 39,630 14,411 48,088 68,445

36 11,820 32,101 42,708 17.7% 47,09 33,087
Steam Usage, iyr x 107

1.6 25,588 . - 31209 - .

28 25,685 - - .2e0 . -

36 26,8566 - - 200 - -
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TABLE F-1. {continued)

2600 50O Mwe
Coal Suitr, wi % Uma Coolside LSFO ume Cocleide LsFO

Besgers Consumption, tervyr

1.6 42,708 30,047 n,2e7 86.410 91.084 a5

28 71,033 58,240 §2.164 142,006 110,482 104,300

35 0,848 83,208 72823 188,200 198,811 148,072
Sedp Agh Usegs, soriyr

18 - 4128 - - 6,288 -

.8 - 7,800 - . - 16,801 -

as . 12,458 . - 2491 -
Wasts Soligy, tonyr fory)

15 45473 44,321 78841 ”".348 8,368 183,072

28 18,043 82,079 121.818 162,087 184,158 264,006

A6 108,788 120130 170,668 213,61 262,587 356,872
Average Power Conpumption, kWity

1.5 L)) 2,743 [ AL ] 1.437 §.18 1.583

2 TAZ 2,738 5580 1408 S8 10,226

s m 2,887 [ AL} 1,581 5.041 11,188
Ypter Corgymotion, geifr 2 10°

15 18,561 74,880 91,580 37,101 148,716 183,119

25 24,018 77.048 ”ors 48,037 154,987 198.181

LR 20,880 920,078 100,882 58,099 100,408 213183
Boen Usege, bivr 3 107

185 40,407 - . 0,393 - -

28 40,407 . . .30 - -

38 40,407 - - 58,293 . -
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No.  Barvio Instalied teach} Operating Twne. be  Power, kW'
1 Lime Sito Baghouse 1 5.0 1 £ 04
2 Fhidizing Air Blower 2 10.0 1 24 87
3 Pudizing Air Drysr 1 20 1 24 20
4 Litne Fead Rotary Valve 2 20 1 24 1.3
B Fuller-Kinyon Pump 2 18.0 1 24 1041
0 Trarwport Biewer 2 100.0 1 24 7.
7 Booster Air Fan 1 126.0 1 24 3.8
8 Atomizing Akt Comp 2 #00.0 1 2 2811
[ ] A g Aie C Cosling Water Pumg 1 200 1 24 4.7

10 Atemiaing Water Pump 2 16.0 1 24 '3

11 Mechanicel Exhauster 2 126.0 1 ] 280

12 Ash Siko Bag Fiter 1 50 1 s 1.1

13 Ash Sio Rotary Vaive 1 16 1 4 0.1

14 Reversible Exhaurt Fan 4 2.0 4 4 [ 1 ]

16 Sootblower 4 15 4 2 0.3

18 LIMB Arss Sump Pump 2 200 1 2 10

17 LIMB Aras Sump Mixer 1 15 1 2 0.1

19 Awh Sywtam Pug Ml 1 76.0 1 4 7.8

Toel s11.0
Totsl, with wn sdditional 10 perosr
for miscellarwous and support squipment a2

° Nermaiized 1o o daily hasis o9: flermal Quentity Opergting/iNenmal Opereting Tima, iv}iOpersting Pewer, KWY/24 v,
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TABLE F-3, COOLMIDE MOTOR LIST (150 MW, 2.6 wt % § Coal)
S

Teead Instaked Normal Normad Toead
Linw Cuarity Horgep Quantity Opersting Operating
No.  Service Irwtalied leach) Operating Time, hr Pawrer, kW
1 Uma Sito Baghouse 1 6.0 1 2 0.3
2  Ruidizing Air Blower 2 10.0 1 24 a7
3 Fridiaing Air Dryer 1 3.0 1 24 20
4 Lime Feed Rotery Vaive 2 20 1 24 1A
§  FulerKiryon Purne 2 18.0 1 24 10.1
[ ] Trerwpert Biower 2 100.8 1 ) aT.1
7 Rotary Lump Grinder 1 10,0 ] 4 11
[} A g Alr Compr 2 1,760.0 1 4 1,304.2
% Atemizing Water Pumg 2 1260 1 24 450
10 Mechanica Exheuster 2 1280 1 ] 178
11 Ash Silo Bag Fitter 1 8.0 1 s 0.7
12 Aah Silo Retary Vaive 1 1.6 1 4 0.1
13 Caustic Metering Pump snd Caulitic Fesd Pump 2 60.0 1 4 5.8
14 LIMB Area Sump Pumg 2 20.0 1 2 10
16 UMS Ares Sump Mixer t 18 1 2 0.1
16 Ash Bystem Pug MiN 1 78.0 1 4 1.8
17 Ash Reoydls Blower 1 0.0 1 1) 403
18 Ash Recysls Rotary Vaive 1 20 1 24 1.3
19 Ash Recycie Belide Pump 1 18.0 ] 24 10.1
20 inist Damper Drive F 38 1 [ 00
2 Outiet Damper Drive 1 38 1 ) 0.0
22 lnglation Damper Drive 2 s 1 ] o0
23 Comprasar Cosling Wawr fump 1 200 1 24 138
Tatal 1538

Tetal, with an sddiciensl 10 parcent
for miscell -l P . 18884
S S

° Normalized te & saily basie es: Permal Guentity Opersting)iNermal Opersting Time, Iv)(Operating Pewear, XWI/24 hr.
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TABLE F-4. LSFO MOTOR LIST (160 MWae, 2.6 wt % S Coal)

Vacuum Fiter Fesd Pump

267

Total Irmtatied Nermal N Total
Line Quardity Horsepsver Quantity Opereting Opersting
No.  Bervies snataied faach} Opersting  Time, hr  Powsr, kW'
1 Lirmestone Recsiving Bin Vibrator 1 2.0 1 3 R
2 Bulk Storage Trerwier Corweyor 1 16.0 1 3 0.3
3 Bulk Storage Transfer Bin Vibrator 1 20 1 12 a8
4 Day 8ilo Trarwler Corveyor ' 7.6 1 12 1.6
[ 1 Dey Silo Bin Vikratar 2 2.0 1 3 0.2
a Bell Mik 2 260.0 ¥ 4 1688
7 Bl Ml Fesder 2 1.0 1 24 ae
L] Ml Praduct Tank Mixer 2 29 2 24 2.2
® MMl Praduct Pumg 4 26,0 1 " 148
10 Lubricstion Oi Pumg 2 1.0 ¥ 24 o8
11 Limemens Sty Storegs Tenk Mixer 1 78 1 24 45
12 Fead Siury Pump -2 75 1 24 37
13 Limsstore Prepsrstion Ares Sump Puve 2 20.0 ] 2 X ]
14 Limestona Preparstion Ares Sump Mixar 1 1.8 1 24 0.8
1% 1D Fars 1 3.500.0 1 a4 1,010.4
10 Indet Dampar ] 17m"7 1 4 0.0
7 Intet Danper Seal Air Fan 2 200 1 24 1.2
1 Sypem Damper 1 11.7 1 [+ ] o0
189 Bypete Damper el Air Fan 2 200 1 24 1.2
] Outiet Demper 1 1.7 1 0 0.0
n Outiet Damper Seal At Fan 2 10.0 1 24 5.0
22 ANmarber Tonk Mixers 3 40.0 3 24 783
23 Mist Einineter Wash Pumps 2 220 1 24 188
24 Abssrper Reciroulstion Pump #1 1 300.0 1 24 1988
» Abserper Recivoulstion Pump #2 1 3800 1 24 218
8 Absotber Recirovistion Pume 83 1 %00 1 24 ans
a7 Absortar Racirculistion Pump §4 1 360.0 1 24 2394
a1 Absetber Reciroulation Pump #6 1 350.0 -] 24 0.0
n Waests Shurty Blowdewn Fumes 2 0.0 1 24 1.4
0 Owidation Alr Compresser 2 350.0 1 F24 2237
n Absoroer Arsa Sump Pumps 2 0.0 1 2 1.8
32 Absorber Sumg Mixer A 10.0 1 a4 ac
33 Waets Slurry Tenk Miver 1 160 i 24 7.5
15 24

3.7




TABLE F-4. (continusd}

Total inatalied Normal Normal Tacad
Line Quantity Horsepower Quancity Oparating Operating
No,  Servies Instelied fesch) Opersting Tima, he Power, kKW
36 Poccuisrd Fuad Pump H 1.0 1 24 0.¢
38 Clarifier Undarfiow Pumg 2 3.0 1 24 1.1
” Aaclaimed Water Pumgs 2 w00 1 24 126
»n Vaouum Fiker Drum Deive 2 1.6 1 4 ¢.e
3 Vataamn Filr Vaouum Pumgp 2 200 1 24 1.2
0 Vecuumn Fiter Flrs: Fumg 2 78 1 24 3.7
4% Vacuum Fiter Agitater 2 18 1 24 08
a2 Vaouum Filter Caka Blower 2 3.0 1 24 15
42 GCollacting Carweyer 1 8.0 1 24 24
a4 Ferwarding Corvever 1 5.0 1 24 24
a8 Aslial Stacker 1 5 k) 24 34
48  Dewstering Arsa Sump Miner 1 1.8 1 24 o8
47 Dewetering Ares Sump Puvie 2 200 1 2 10
4 h Ar Cornp 2 85.0 1 24 B80.7
49 lnmtrument Air Dryer 2 1 24 [ X ]
L Eyuter 1 00 1 2 25
Towal 4040
Tatal, with wn sdditional B0 kW

for ik ard b 38514.9

- Nermaliend to o dally banie ss: INermsl Guarsity Oparsting)iNermal Opwreting Time, IvliOparating Pewer, KW1/24 .
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APPENDIX G: LIMB COST ESTIMATE EXAMPLE FOR 150 MWe ($ x 10 except as noted}

1655 16% 8§ 38% 8
INSTALLED INSTALLED INSTALLED
DPESCAIPTION QUANTITY COST QUANTITY EOST QUANTITY £€OsT
Lime Handiing Sywoem
Acid Tenk - Lired 1 1 1
Booster Air Ductwork (7] Lot Lat
Booster Air fan 1 ] 1
Injection Nozzies s s 5
Lime Distribution Bottie 1 1 1
Lime Handiing Exuipment Lot Lot Lot
Lima Sile 1 1 1
Lima Silo Ares Sume t 1 1
Lime Sils Suppert Sisel Lt Lt Lot
pH Meters 2 2 H
Sumg Mixer 1 1 1
Sump Pumps 2 2 2
Sump S1eel and Lavel Trarmmitters Lot Lot Lot
Prina Comtractar's Cobte
Arsa Dubeel 1215.0 10128 18838
Humidification Gystem
At Raoaiver 1 1 1
Air/Nater Distribution Headers Let Lat st
Atomizstion Ar Cemprasser 2 2 2
Atomizery 4 F L3 4
Atomizing Weter Pury) 2 2 2
Compressor Cooling Water Pump 1 1 1
Dupilex Water Strainer 3 3 3
Flow Madel Tasting et Lot Lot
Hurnidifier Enclosure Stael L Lot Lot
Humidification Enclosusre 2 2 2
Lancs Rapper Bywtem im Let Lt
Sprey Lanose ’ ] [}
Water Tark 1 1 1
Prima Contractor's Costs
Arsa Subtotel 7.8 77 77.8
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—_—l5N . —2e%S 35%S

INSTALLED INSTALLED INSTALLED
S r.Fm QUANTITY cOsT QUANTITY cosT QUANTITY cost

Enciosures, Site snd Tract Werk

LIMB Equiniment Enciomure Stesl Lot Lot Lat
LIMB Equisment Enclosre 1 1 1
Site Werk, Plies, ard Cancrate Lot bot Lot
Prime Cantracter's Costa

Ares Sulmecal 2000.9 2008.1 2000.0

Cammunication Equipment
Bectrital Werk

Heat Tracing

8§ 8 kK
LT Y Y
YRR}

instrumantation end Centrels

Primna Commractor's Camts
Ares Subtotal 1044.0 1044.0 1044.0
Aah Handling

Ash Horelling Sywwm Lot [T Let
Reversible Exhaust Fan

L
»
»

Prime Contracter's Casts
Arsa Bunna w4 74 [ 1 7]

Misopllanesus
Asperted Piping
Awsorted Vaives
Eyewsth wd Safety Shewsr
Fire Provection System

LR T )
F sk}
R T Y

Pips Rack 1 1 1
Saothiewers ard Covirels

»
-
-

Television Symam

1Y
§
§

Prima Contrecter's Casts

Arsa Subtetsl 818 L LR ] sase

Irstalied Equipmant Cent #EC) 3928 4.7 $838.0
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pESCRPTION
Engingering © 10% of Total Ares Capited

Genergl Faciliviss Capital §@ §% of Totsl Area Capital
Proiect Contingency @ 18% of Total Ates Capital
Process Contingency @ 5% of Total Area Capital

Total Pigrt irvestmaent (TP}

Pragroduction Coute © B% of Tecal Plant investers
Irvartory Caste @ 0.5% of Total Plart Irwestmant,

Plus Ore Menth's Consumabies
TOTAL CAPITAL REQIREMENT (TCA)
TOTAL CAPITAL REQUSREMENT, SAW net

Fired Oparating snd Maintenance Costa
Maintenance Matwisl

Mairtenancs Labor

Operating Laber
Adwninistration end Qverhaad

Subtetal Fixed Op g and M, Cootn

Armual Verisbie Oparating Coma ter Conmumnables

Waser @ $0.89/10° gdl
Sweam @ $4.00/10°

Lima @ $84/ven delivered

Acid @ $102.4000n delivered
Elsctric osnt & $0.0584Wh

LIMB ash dispesal @ #8.25%0n dry
Fly woh disposal sredit @ $8.26Ren dry

Cout dus to 0.23% leaw in boiler efficlency
@ $34.08/ten osed

Subrotel Arvwel C sbies Cast

Total Operating snd Maintenance Cest

Carrying Charges B 13.8% of Totsl Capital Required

ANNUAL LEVELIZED COST

50, Removad, tonvyr

ANNUAL LEVELIZED COST, $2an SO, remeved

2N

1.6% % 2.5%8 6% S
INSTALLED INSTALLED INSTALLED
RUANTITY gost VANTITY go3r QUANTITY coer
839.3 879.6 as3.8
kal X .7 ETSE ]
13884 14783 1496.8
(4S5
as7.8 100y ELLR
#108.4 2814 8740.2
ASE.4 44,1 487.0
13717 803.2 L LR
[ aF ] 1046808 108089
28.0} 712 72.84
2188 2324 23138
1487 164.9 1559
Q.0 [-¥-] 0.0
437 488 443
408.1 4237 AM4
7.7 e 122
1200 1200 1180
1530 .9 mns 264
10.2 10.2 10.2
212.1 2220 2388
64Y.2 7184 H1s
~293.7 -204 4 -296.0
278 278 s
22788 35473 45363
28910 EL R 6271.7
13793 14829 15146
4083.3 54840 a708.2
8224 10488 14720
%3 520 40



APPENDIX H: COOLSIDE COST ESTIMATE EXAMPLE FOR 150 MWe ($ x 10" except as noted)

J5%8 28%§ 31.6%85
INSTALLED INSTALLED INSTALLED
RIPTION QUANTITY cosT QUANTITY cosT QUANTITY cosT
Lima Handiing System
Acid Tank - Lined 1 1 '
Lime Dintributien Botte 1 1 1
Ume Handiing Equipmant Lot Let Lot
Lims Sile 1 1 1
Lima Sile Arvs Sumg 1 ' 1
Lima Sile Support Steel Lat Lot Lt
pH Metery 2 2 2
Sump Mixer 1 1 1
Sume Pumgs 2 2 2
Sump Siesl & Lavel Tranamitters Lot tor Lot
Prime Contractor's Casty
Arsa Subtetsl 1194 8 1924 % 20008
Hurnidification Sywtern
Al Racsiver 1 1 1
A atian Air C 2 2 2
Atomizers 158 184 188
Atemizing Water Pump 2 2 2
Compreger Cosling Waser Pump 1 1 1
Darnpere L Lot Lot
Duplax Weter Sireirme 3 3 3
Exparwion Jeints Let Lat Lat
Few Model Testing Lot Lat n
Humidifier Enclesurs Stael Let Lt Lot
Humidifisr and Ouet Stesl [F 4 Lt Let
Humidification Enciosurs 2 2 2
Humidifier snd Ductwork Lex et n
Irmlation end Lagging Material Lae Lot Lt
Sodae Ash Bystermn Lot n Let
Spray Lanoss n 21 21
Sprey Lanos Rappary n n 21
Water Tank 1 1 1
Prime Contracter's Costs
Aras Subtotal 5311.4 5308.2 £473.9
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AIPTION
Enclosures ard Site Werk
Coolside Equipment Enciosise Steel
Cooleide Equipment Enclosurs
Site Work, Plles, and Corcrets

Prime Contractor's Conts

Area Bubtetsl

Elsctrical Equiprment
C jcation Equi

Bwctrical Wark,
Hest Tracing
Irstrumencation snd Controls

Prima Cartracter’'s Cowts

Ash Recycis Systam
Moty Lump Grindare
Prime Contractor's Costs

Arva Subtetal

Miscsllanecus
Assertad Piping
Evewssh and Safety Showers
Fire Prowection System
Instrumant Air Systam
Pige Fack
Asserted Veves

Prima Coniractor's Casts

Araa Subtots

instalied Equipmant Cest BEC)

iot
1
Lot
27 E
Lot
Lot
Lot
Lot
1234.0
1
Lm
Lot
1
"y
bt
]
Lot
¥
1
Lt
424.4
114173

273

£ 5 £ & & &

T

2178

1236.2

8.2

424.8

11808.7

6%
INSTALLED
QUANTITY [+le-18
Lot
1
Lot
21738
Lot
Lot
Lot
Lot
1236.8
o
Lot
o
1
10
Lat
]
Lot
1
1
L
4249
12203.2



DESCRIPTION
Enginesring § 10% of Total Area Capital
Geraral Focilition Capital @ 6% of Total Ares Capital
Projact Cortingency & 18% of Total Args Capitel
Precwss Contingency @ S% of Toual Area Capital
Total Plant Investment (TP

Prapraduction Coests @ 5% of Total Plant investment

irventory Caste @ 0.5% of Total Plant Irvestment,
Pium One Morsth's Cormunables

TOTAL CAMTAL REQUINEMENT {TCR}
TOTAL CAPITAL REQUIREMENT, $AW rant

Fousd Oparsting srl Maeirtensnca Costs
Muintonance Maceriel

Maimenence Laber

Operating Laber

. " and Overhaad

Subtstsl Fixed Operating and Mairmenenoe Cams

Arvessl Variable Oparstirg Casts for Cormumaios
Wewr @ 90.80/10° gat
Lirns @ 984./ten yslivered _
Adid @ $102.40hen deliversd
Gectricity st @ $0.58AWN

" Cacleide ash dispessl @ $8.287en dry
Fiy ash dpessl credit @ $8.26m dry
N&,CO, cont @ $157en deliverad

Suttotsl Annusl Ceraurmebles Cest

Tots Operating and Maintensnce Caet
Carrying Charges @ 13.9% of Tetal Capitel Reguired
ANNUAL LEVELIZED COST

20, Ramoved, tanlyr

ANNUAL LEVELIZED COST, $/ten S0, rervéved

16%S

QUANTITY

INSTALLED
COosT

11417
§70.9
2435
ases
142479

"4
3932

17474 .8

11850

3804
260.3
2028
1308
24

0.8
11800
10.2
§70.0
214
2770
ase s
24324

M2
4280
8838

TS

™

274

26%$ 316% S
INSTALLED INSTALLED
QUANTITY cost QUANTITY cost
1190.0 12203
692.3 810.2
2678.0 28824
o233 701.7
168088 17387.7
8483 o4
Lol 5030
18364.1 181202
122.39 127 .47
4069 417.3
708 2782
z02.8 202.8
1420 144.3
10211 10428
1.2 331
22788 3%84.0
10.2 1.2
§57.8 514
7321 #7849
-277.8 2700
744 .2 11733
40748 0530
B0 7080.2
%619 2087.7
70478 76538
12288 17128
824 s70



APPENDIX I: LSFO COST ESTIMATE EXAMPLE FOR 150 MWe ($ x 107 except as noted)

—E

INSTALLED

QUANTITY COST
Limestens Storage and Preparstion Systam
Limastens Recsiving Bin 1

Bk Trarafer Convey 1

Bulk Sarage Ares Enclomure 1
Piings for Enclesurs Walle Lot
Buk Storage Trarsfer Bin 1
Day Sis Tranafer Convayer
Limestens Doy Sile 1

-

Pilings for Day Sile
Vilwming Bin Bottom

|
|
i

Ball MiE Sywtarn

Waigh Beit Feaders

Ball Ml Fead Chungs

Bakt Wils aned Chargs

Mill Praduct Tenks

Ml Praduct Tenk Mixavs

Milt Praduct Pumps/Drives

Cyciens Classifiers

Lubricatien Ol Syatems

Geer Lubrication Systerme

Limastans Slusvy Storage Tark 1
Limssters Siurry Sovage Miner t
Fead Shary Pumgs 2
Drainage Sump
Sump Miser
Sump Pumps

py

Vaives

s

Foundations fer Shury Tank

Prirns Contrector's Cests

Ares Subtotsl 41304

275

—ERS —ns
INSTALLED INSTALLED
QUANTITY gosT QUANTITY cosT

Lot Lat
1 1
1 1
1 1
Lat Lt
2 2
Lot Lat
Lot Lot
1 1
1 1
2 2
With Enclesurs With Enclemre
1 1
2 2
Lt Lt
Lot Lot
With Electricale With Electricais
Lot Lt

4240.7 43820



1.5% S

2.6% 5

INSTALLED

26%8
INSTALLED

chrTT QUANTITY  £o§T  QUANTTY  gost

Farg and Ductwork
ID Farn 1

1D Fan Outiet Duct: 1/4* AJS

R &

Bypass Duct: 1/4" A3D
Abaorbar Ererance Naozzie: C-276 1
Absorber Outtet Duct: 3/18" 31 7LMN 1
Guiliotirs Dampars - inlet 1
Guiliotine Darnpers - Bypess 1
Guiliotine Dampars - Outiet 1
insulatien and Lagging

Support and Pltform Steel
- + Stosl Feundati

Exparsion Jeinm

E R R RE

Fan Foursistiong

Prime Contrector's Conts

Ares Bubnets 4440.0

Absorber Syswm
Absarber Medule 1
Abserbar Resction Tenk 1

Foundatiorw fer Towers

i

Absorbar irdamale;

Sprey Hesders (FRP)

Mist Eiminater Wash Headers
Sparge Heater

Spray Noxzies

Dintribution Trays
Supports(CS Rubber Costad)
Migt Erninaters

Absorber Recirculsting Pumps
Pilings tor Absorber Redirculstion Pumps

§ ~«fF Rk & &R KE

Mim Eliminator Wash Tank/Uinings 1
Mist Eliminater Waesh TenkU/Foundations 1
Mist Biminator Wash Pumps 2

Mist Eminstor Wash Streiner 1

276

LI T T T )

-

E R &S B EE 1

E L]

INSTALLED

QUANTITY cosgT

£ & -

-

SN T T Y T T W 1 LI 1 R R RERR

-

-

44518



1.5% 8 £.5% 8 JE% S

NSTALLED INSTALLED INSTALLED
DESCAFTION QUANTITY £08T QUANTITY Loy QUANTITY cost

Absorber Systenm {continund]

Waste Skary Blowdown Pumps

Oxidation Air C

ot

Overflew Pipe (FAP)

Ares Subtotel

Dewstering Sysaam

Hydracions Clusters

Waste Surry Tenk

Waste Blrry Tank Faundstion
Waste Slurry Tank Misesr
Viaowuarn Fiwer Fosd Pumnp
Clarifler
Focoulet Fesd System
Clarifier Underfiow Pumg
Raclsirn Water Storage Tank
Reclsim Water Storage Tank Feundatien
Rociaim Water Pumps

Vacuum Fiter with Vacuum Pumps,
Reosiver, and Air Separstor

Collecting Cerveyer
Ferwarding Corveywr
Radial Bracker
Gypeumn Sack Out - Aaphait
Sunp Pumps

Sump Mixer

Valves

Y

Whth Electricals

£k

8109.9

i

§ &

Whth Elnctricels

277

g

&

With Electricais

&

11

LAl N

&

With Electricals

With Electricais

1

]

as0R .4

g

Whth Eleciricals



PESCRAIPTION

Oewstering System (continuad}
Pump and Misceliarsous Foundations
Prime Contractor's Conts

Aras Subtotal

Dewastering Area Enclesurs

Prime Contracter's Cants

Ares Subtotal

Ceoncrete Slab and Trenches
Pilings

Heating and Ventilation
Lighing

Holnts and Trelleys

Reli-up Dowr

Ovainage Sump
Foundations ard Cancrete Waerk

Prima Centracter's Cagt

Area Subtetal

Absorber Area Enclosurs

Alsorter Enclesure

c Bab snd Trench

Support and Matferm Sieel

HVAC Cortral Reamn/¥GD Ares

Drainage Sump
Heista and Trelleys

INSTALLED
QUANTITY COST

23028

§ &

728.2

With Enclosure

E &

Whih Enclesure

With Enclesure

With Ensissurs

18441

11

&

With Enolesurs

With Enclesure

With Enclesure
With Enclesurs
With Enclomrs
With Enclosure
With Enclonuse

With Enclomrs

278

ZE5%S

INSTALLED

UANTITY cosY

2410.7

&

7284

Whh Enclesure

1

1]

Whh Enclesurs

With Enclemse
With Enclenure

1544.3

&

Whith Enclense

With Encienre

With Enclesure
With Enclesurs
With Enclemure
WYWith Enclense
With Enclomse

WWith Encicawrs

INSTALLED

QUANTITY cosT

200211

1

§

728.8

With Enclesure

11

1

With Enclesure

With Enclesure

15449

11

g

With Enciesure

WWith Enclesurs

With Enclesure
With. Enclonsrs
With Enclesurs
With Enciosurs
With Enclesurs

Whth Enclemars



15% 5

6% S

INSTALLED

Absorber Ares Enclosurs {corminued)

Rol-up Doors With Enclosure

Prime Cortractor's Cests

Ares Subtetal 32089

Cargrole, Operating irwerface/Censols, Lot
and Ralatad Equipment .

Prime Comracter's Cools
Area Subtotsl 50334

Miscellersoun
Pips Rack, 180 ft

Seal Water Sywam
Servios Water System
Servios Air Systam

Fire Precaction Systam

Ew ivSalety Sh Pipe
Wet Stack 1
Stack Faundation 1
Prime Contracter's Costs

L T T ]

4

Py

Arss Bubtetal 1238
irwteled Equiprment Cont #EC) 31838

279

With Enclosure
h]
2074
Lot
5034.2
2
2
Lot
Let
Lat
Lot

37244

ner22

INSTALLED

QUANTITY  GOST  QUANTITY  COST  QUANTITY gosT

with Enclosure
1
Jian.4
Lot
5038.7
2
2
(¥
Lot
Lot
[T

—-

4

NN

327880



iE%E 28% § 36% S

INSTALLED INSTALLED INSTALLED
pEscriPTION QUANTITY gost QUANTITY gost QUANTITY cost
Enginsering @ 10% of Total Ares Capital 31864 3107.2 32708
Generst Faciiitios Capitel @ B% of Totsl Area Caphtet 15827 1590.0 18393
Project Cantingency & 16% of Total Ares Cepital 8508.8 6853.1 §707.0
Procsss Contingency @ 2.6% of Total Ares Capital 9100 919.2 425
Total Pant irwvestment (TPI} 42008.7 43340.4 444438
Irdprent during Censtruction 10C) @ 3.06% of Tord 1308.7 13218 1368.6
Plant t, 2y G ction Pariod
Prepraduction Costs @ E% of Total Plant lrvestment 21464 2187.0 22322
irvertery Conta © D.6% of Total Plant irventment, 4354 497.1 $71.2
Pius One Manth's Conmumabies
Lard 4“5 “s “s
TOTAL CAPTAL REQUIREMENT (TCR) 4ou428 473700 48838.8
TOTAL CAPITAL REQUIREMENT, SAW net 312.29 EN ¥ 3 32428
Fined Operating and Maintenance Coste
Maintananos Materiel 1028.9 1040.2 1000.9
Malraanenos Laber e80.s 834 711
Opersting Labor @ 3 par Shift 084 acs.4 008.4
Advriristration and Overhead ) s mos 380
Subtetel Fooed Oparating end Meintsnenos Cests 27132 27328 27820
Anensl Varishie Opergting Costs fer Carmumables
Water @ $0.00/10" gal 378 41.0 [T R]
Limastens @ §17/on delivered 3240 632.0 7308
Eactricity @ $0.0885Wh 1078.3 11449 1290.4
Gypeum disposal cest @ $8.4300n dry m3 4701 *%7.8
Subtetsl Annuel Censumabies Cest 17228 21874 27229
Total Oparating and Maintenence Ceet 4438.7 4820.0 BEO4.0
Carrying Charges @ 13.9% of Tote Capital Required 8111 05848 e760.5
ANNUAL LEVELIZED COST 100488 11804.6 12264.8
$0, Ramaved. tondyr 2970 19818 23283
ANNUAL LEVELIZED COST, $4on 30, remeved 1008 (T }] 827

280



